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ABSTRACT 


The  effect  of  cyclic  frequency,  temperature  and  internal  struc¬ 
ture  on  the  fatigue  crack  propagation  (FCP)  response  of  polymers  of 
varied  structure  and  properties  was  evaluated  comprehensively. 

crack  propagation  data  in  poly(methyl  methacrylate)  (P>WA), 
poly(vinyl  chloride)  (PVC) ,  polystyrene  (PS),  polycarbonate  (PC), 
and  polysulfone  (PSF)  were  obtained  as  a  function  of  frequency. 

Ihese  results  determined  over  a  maximum  frequency  range  of  0.1  to 
100  Ha  show  frequency  sensitivity  to  be  a  function  of  several,  some- 
times  conpetitivc,  factors.  Hie  importance  of  two  of  these  factors, 
strain  rate  and  creep  crack  growth  on  fatigue  crack  propagation  are 
isolated  through  waveform  studies.  Another  parameter,  the  P  transi¬ 
tion.  aeems  to  play  a  dominant  role  with  the  FCP  frequency  sensitiv¬ 
ity  being  a  maximum  for  polymers  where  the  P  transition  at  room 
temperature  occurs  in  the  range  of  the  experimental  test  frequency. 
This  correlation  was  further  examined  by  evaluating  the  FCP  frequency 
sensitivity  of  HtMA,  PSF.  and  PC  as  a  function  of  temperature.  The 
results  are  rationalized  in  terms  of  crack  tip  heating  and  associated 

blunting. 

The  observed  fatigue  response  of  polymers  was  seen  to  be  a 
strong  function  of  internal  structure.  The  recognized  superior 
fatigue  resistance  of  crystalline  polymers  was  confirmed  by  addition¬ 
al  results  which  revealed  the  FCP  re.sponse  of  highly  crystalline 


1 


polyacetal  (PA)  to  be  superior  to  all  previously  examined  polymeric 
materials  at  10  and  100  Hz.  To  determine  the  effect  of  molecular 
veight  (M)  (g/molc)  on  FCP,  100  Hz  fatigue  tests  were  performed  on 
carefully  characterized  specimens  of  PMMA  and  PVC  ranging  in  M  from 
1-8  X  10^  and  6-23  x  10^,  respectively.  While  toughness  Increased 
by  a  maximum  factor  of  3  (in  PVC)  with  M  in  this  range,  crack  growth 
rates  decreased  by  10^.  At  all  molecular  weights  in  PVC,  the  effects 
of  the  external  plasticizer  (dioctyl  phthalate)  at  contents  of  0  - 
137.  were  minimal  although  significant  embrittlement  was  noted  at  67. 
DOP.  conversely,  the  internal  plasticizer  butyl  acrylate  in  PMMA 
(BA-MMA  copolymer)  produced  a  complex  effect  on  both  fatigue  crack 
growth  rates  and  toughness.  An  examination  of  the  cyclic  behavior  of 
of  epoxies  with  Me  (distance  between  crosslinks)  ranging  from  326  to 
>  2000  showed  FCP  to  be  sensitive  to  Me-  Over  the  test  range  of 
crack  growth  rates  decreased  by  >10^  with  increasing  Me* 

A  careful  study  of  the  fatigue  fracture  surface  morphology  of 
.elected  polymers  was  perfoemed  to  determine  the  mechanisms  of 
fatigue  crack  propagation.  In  those  uncrosslinked  amorphous  poly¬ 
mers  with  viscosity-average  molecular  weight  5  2  x  10^  and  crystal¬ 
line  PA,  the  microscopic  appearance  of  the  fracture  surface  at  low 
values  of  the  stress  intensity  range  and  high  cyclic  test  frequency 
(100  HZ)  revealed  many  parallel  bands,  oriented  perpendicular  to  the 
direction  of  crack  growth.  The  bands  were  seen  to  increase  in  size 
with  AK.  In  all  instances,  the  crack  front  advanced  discontinuous ly 
in  increments  equal  to  the  band  width  after  remaining  stationary  for 
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hundreds  and  even  thousands,  ot  fatlsve  eycles.  By  equntins  the 
band  sire  to  the  Dugdale  plastte  zone  ahead  ot  the  craek.  a  relative¬ 
ly  constant  yield  strength  vas  inferred  ohich  agreed  well  with  re¬ 
ported  craze  stress  values  for  each  watetlal.  At  higher  stress  in¬ 
tensity  levels  in  most  polymers,  another  series  of  parallel  bands 
were  observed.  Ihese  were  also  oriented  perpendicular  to  the  direc¬ 
tion  of  crack  growth  end  likewise  Increased  in  size  with  the  range  in 
.trees  intensity  fector.  AK.  Each  band  corresponded  to  the  Incre- 
„ntal  advance  of  the  crack  during  one  load  cycle.  Indicating  these 
auirklngs  to  be  classical  fatigue  striatlons. 


I .  Introduction 


As  .n  important  class  of  cngtneerlns  materials,  polymers 
Have  been  finding  increased  application  in  load  bearing  structures. 
ilsiU  many  plastic  structural  members  will  be  subjected  to  only 
atatlc  stresses,  ccmplcx  cyclic  loading  conditious  are  also  possi- 
kle.  The  static  failure  characteristics  of  most  pclj-ers  has  been 
thoroughly  catalogued  by  many  independent  researchers.  Hovever. 
few  in-depth  studies  of  the  fatigue  behavior  of  polymers  have  been 
raported.  Also,  much  of  this  research  has  been  carried  out  on  un- 
characterised  cocmercial  materials  under  limited  test  couditions. 
Clearly,  further  knowledge  of  the  dynamic  response  of  engineering 

plastics  is  needed. 

It  1.  generally  accepted  that  fatigue  failure  in  polymers  ean 
aacur  by  two  distinct  mechanisms.^  Investigators  have  found  that 
fatigue  failure  of  an  unnotched  specimen  may  develop  as  a  result 
of  the  constant  input  of  hysteretic  energy  during  each  load  cycle. 
This  energy  is.  in  part,  dissipated  as  heat  within  the  test  sample 
which  causes  a  mouotonic  temperature  rise.  The  accumulation  of 
thermal  energy  culminates  either  with  the  melting  of  the  entire 
gage  aection  es  T^  or  T.  is  surpassed  or  as  .  result  of  excessive 
aample  compliance.  In  the  latter  instance,  the  specimen  is  no 
longer  eapable  of  supporting  the  load  and  may  be  considered  to  have 
failed,  although  no  physical  fracture  need  have  occurred.^  The 
hyateretic  energy  input  per  cycle  a.  presented  by  Ferry  is  given 


A 


by 


(1.1) 


E  -  n  f  J”  (f.T) 
where  f  “  test  frequency 

j"  “  loss  modulus 
a  ®  maximum  stress 
E  “  dissipated  energy/cycle 

From  equation  1.1,  the  heating  rate  is  related  directly  to  the 
cyclic  frequency  and  J".  Consequently,  increasing  the  frequency 
should  decrease  the  cyclic  life  under  a  given  set  of  experimental 
conditions.  The  loss  compliance  J"  is  a  rather  complex  term.  A 
given  polymer  may  exhibit  one  or  more  J"  peaks.  In  these  regions 
of  maximum  damping,  the  fatigue  life  will  be  curtailed.  Since  the 
location  of  maxima  in  J”  are  sensitive  to  both  temperature  and 
frequency,  the  relative  temperature  rise  will  be  a  strong  function 
of  testing  conditions. 

If  the  build  up  of  hysteretic  energy  is  balanced  by  the  con¬ 
duction  and  convection  of  heat  to  the  cooler  environment,  cyclic 
induced  thermal  softening  will  not  occur.  However,  this  does  not 
eliminate  the  accumulation  of  fatigue  damage  by  the  Initiation  and 
•Cable  propagation  of  a  crack.  Since  most  polymeric  materials 
contain  flaws,  either  introduced  through  some  fabrication  process 
or  as  a  result  of  a  poor  structural  design,  fatigue  crack  propa¬ 
gation  (FCP)  probably  represents  the  dominant  mechanism  of  cyclic 
failure.  It  is  this  mechanism  which  will  be  studied  exclusively 
in  this  dissertation. 
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Of  the  many  parameters  which  have  been  introduced  in  an 
attempt  to  characterize  the  FCP  response  of  polymers,  the  stress 
intensity  factor  seems  to  be  the  most  promising.  Derived  from 
principles  of  fracture  mechanics,  the  stress  intensity  factor  de 
scribes  the  stress  conditions  at  the  tip  of  the  advancing  crack 

and  is  defined  by 

K  “  Y  a  /a  (1*2) 


vhere  K  is  the  stress  intensity  factor,  Y  the  correction  for  speci¬ 
men  geometry,  a  the  applied  stress,  and  a  the  crack  length. 

Fatigue  crack  propagation  data  are  generated  by  cycling 
notched  samples  such  as  the  two  shown  in  Figure  l.l  within  a  con¬ 
stant  stress  range  (Aa)  and  recording  the  crack  growth  increment 
over  a  corresponding  number  of  fatigue  cycles.  Under  fatigue  condi¬ 
tions.  K  must  also  vary  over  a  range  defined  by  AK.  As  the  crack 
length  Increases  for  the  specimens  shown  in  Figure  1.1,  AK  will 


also  increase.  Consequently,  it  is  possible  to  measure  in  one 
sample  the  rate  of  crack  growth  per  cycle,  da/dU,  over  a  large 
range  of  AK.  The  strong  relationship  between  AK  and  da/dN.  is 
demonstrated  clearly  in  Figure  1.2.  Note  the  strong  AK-crack 
growth  rate  correlation  for  several  polymers  having  different 
molecular  structures  and  mechanical  properties.^  It  has  been  shown 
that  such  a  relationship  between  da/dN  and  AK  could  be  best  repre¬ 


sented  by  a- simple  equation  of  the  form: 
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A  and  »  aro  material  vorlabUs  for  a  givon  poly»er. 
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da/dn,  mm/cycle 


Figure  1.2  Relationship  between  crack  growth  rate  per  cycle  in 
several  polymers  as  a  function  of  stress  intensity 
factor  range 

♦Refers  to  special  reference  list  in  Appendix  IV 


with  equation  1.3,  it  is  possible  to  analyze  the  FCP  response 
of  a  pol>-mer  as  a  function  of  various  external  as  well  as  internal 
structural  parameters.  For  example,  investigators  have  reported 
the  FCP  behavior  of  plastics  to  be  highly  sensitive  to  testing 
conditions. As  is  typical  of  the  mechanical  response  of 
„ost  viscoelastic  pol>nners.  FCP  is  affected  by  strain  rate  and 
test  temperature.  In  some  polymers  an  increase  in  strain  rate  in¬ 
duced  by  an  Increase  in  cyclic  frequency  leads  to  a  dimunition  of 
da/dN  while  the  complex  effect  of  temperature  on  crack 


26-28 

growth  tato.  has  bc.a  rolatcd  directly  to  the  loss  spectrtas. 

Bate  that  the  effect  of  fregoency  oo  FCP  Is  directly  opposite  to 
the  rceelts  predicted  by  equation  1.1.  This  apparent  anomaly  will 
be  discussed  In  detail  in  Chapter  III.  The  least  understood  of  ell 
p.r««ters  affecting  FCP  is  the  Internal  structure.  The  Importance 
of  structure  is  evident  when  crack  growth  rates  In  amorphous  PMH6 
arc  compared  with  results  from  semierystalllne  nylon  at  the  same 
AK;  a  1000  fold  difference  in  crack  growth  rates  Is  found  (Figure 
1.2).  The  FCP  response  of  certain  crystalline  polymers  such  as 
PA  and  PTFE  have  never  been  reported,  but  arc  expected  to  be  com 
parable  to  reported  results  for  nylon.  Preliminary  fatigue  atudie. 
have  implied  that  other  structural  paraamters  such  as  molecular 
weight  ^’•^"and  plasticizer  content*’”  may  also  affect  the  cyclic 

behavior  of  certain  polymers. 

In  addition  to  a  study  of  the  fatigue  behavior  of  polymers, 
„uch  insight  may  be  gained  by  an  analysis  of  the  mlcro-mechanisms 
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of  crack  growth.  This  can  best  be  accomplished  by  n  study  of  the 
fatigue  fracture  surface  micromorphology.  Many  detailed  fracto- 

34-37 

graphic  reports  of  static  fracture  have  been  published;  how¬ 

ever,  few  studies  of  fatigue  fracture  mechanisms  have  been  per- 

formed* 

Since  the  cyclic  behavior  of  polymers  is  not  completely  un¬ 
derstood,  it  is  the  purpose  of  this  research  to  evaluate  compre¬ 
hensively  the  fatigue  response  of  a  variety  of  characterized  poly 
tners  under  a  wide  range  of  test  conditions. 

The  objectives  of  this  dissertation  will  be: 

1)  TO  determine  the  effect  of  frequency,  waveform,  and 
temperature  on  the  FCP  response  of  a  group  of  poly¬ 
mers  with  diversified  properties  and  structure  and 
to  develop  rational  models  which  can  account  for  the 
observed  behavior. 

2)  To  ascertain  the  effect  of  structural  parameters  on 
fatigue  crack  growth  rates  in  selected  polymers. 

a)  The  cyclic  behavior  of  the  fatigue  resistant 
crystalline  polyacetal  will  be  evaluated. 

b)  The  role  of  molecular  weight,  distribution,  and 
plasticizer  content  on  FCP  in  PMMA  and  PVC  will 
be  examined . 

c)  Fatigue  testing  of  epoxy  specimens  will  be  per¬ 
formed  to  assess  the  importance  of  chain  cross¬ 
link  density. 
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3)  To  develop  models  to  describe  the  micro-mechaaism 
of  fatigue  fracture  in  engineering  polymers. 
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II.  Experimental  Procedures 


2,1  >!aterials 

Tne  polymeric  materials  used  in  this  dissertation  were  ob- 
tained  from  several  different  sources  (Table  2.1).  Since  the  pur¬ 
pose  of  this  research  was  to  evaluate  the  FCP  response  of  a  wide 
variety  of  polymers,  much  synthesis  time  was  saved  by  pre¬ 
paring  specimens  from  sheets  of  readily  available  commercial 
grades  of  polycarbonate  (PC),  poly (vinyl  chloride)  (PVC) ,  poly¬ 
styrene  (PS),  crosslinked  polystyrene  (CUPS),  Noryl,  nylon,  poly- 
sulfone  (PSF)  end  poly (methyl  methacrylate)  (PMMA).  In  addition 
to  these  materials,  carefully  characterized  specimens  of  PMMA  and 
PVC  were  prepared  at  different  molecular  weights  (M)  and  plasti¬ 
cizer  contents.  The  PMMA  supplies  were  synthesized  in  our  labor¬ 
atory  by  both  emulsion  and  bulk  polymerization  techniques  over  a 
My  range  of  1  x  10^  to  8  x  10^.  A  third  series  of  PMMA  samples 
copolymerized  with  butyl  acrylate  (BA)  were  prepared  at  6  differ¬ 
ent  MMA-BA  ratios  where  MMA/BA  ranged  from  lOO/O  to  50/50.  (Poly¬ 
merization  performed  by  Dr.  Soojaa  L.  Kim.  Details  of  procedure 
presented  in  Appendix  1.)  A  scries  of  carefully  synthesized  PVC 
specimens  with  n(,=60,500  to  225,000  were  donated  by  Dr.  E.  A. 
Collins  of  the  B.  F.  Goodrich  Rubber  Co.  A  second  batch  of  variable 
M  PVC  plates  was  plasticized  with  0-207.  dioctyl  phtlialate  (DOP). 

The  epoxy  resins  tested  in  this  study  were  diglycidal  ethers 
of  Bisphenol-A  oligomers:  Epon  series  825,  828.  1001,  and  10004. 
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The  curing  agent  used  in  most  syntheses  uas  methyl  dianyllno 
(IDA).  By  varying  the  stoichiometry  of  the  epory  prepolymer,  the 
>3A  mixture  and  the  temperature,  molecular  weights  between  cross¬ 
links  (Mg)  from  320  to  2000  were  produced.  (See  Appendix  II) 

2.2  Characterization 

Molecular  weights  of  all  materials  tested  were  determined  by 
either  viscosity  measurements  or  through  the  use  of  Cel  Permeation 
Chromatography.  The  glass  transition  and  g  transition  tempera¬ 
tures  were  determined  by  either  dynamic  absorption  spectroscopy 
or  differential  scanning  calorim.etry.  All  M  and  transition  tem¬ 
perature.  are  tabulated  in  Tables  2.1  -  2.5.  (Detail,  of  the  char¬ 
acterization  procedure  are  presented  in  Appendix  III . ) 

2*3  FCP  Specimen  Preparation 

All  specimens  of  commercial  plastic  sheet  used  in  the  gener¬ 
ation  of  FCP  data  were,  oriented  in  the  same  direction  in  the 
sheet.  Cast  samples  were  assumed  to  be  completely  isotropic  and 
therefore,  constant  orientation  was  not  maintained-  Little  dif¬ 
ficulty  was  encountered  in  machining  most  materials  to  the  prop¬ 
er  configuration;  however,  the  epoxies  and  low  M  PMMA  required 
care  in  machining  due  to  their  low  inherent  toughness.  All  test 
specimens  were  either  of  the  single  edge  notch  (SEN)  (Figure  1.1a) 
or  compact  tension  (CT)  (Figure  1.1b)  geometry  where  the  stress 

d  K  39 

intensity  range  is  given  by 
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TABLE  2 . 1  MATERIALS 


Polyner  (fabrication) 

M 

V 

Thickness  (mm) 

PC 

(extruded) 

4.9  X  10^ 

6.3 

PVC 

(extruded) 

(suspension-polymerized 

molded) 

4 

8.8  X  10 

M  ■=  0.97  -  2.3  X 
w 

3.2 

10^  6.4 

PS 

(extruded) 

2.7  X  10^ 

6.5 

PSF 

(extruded) 

4 

5  X  10 

4.4 

PMMA 

(coomcrcial  cast) 

(bulk-polymerized  cast) 
(bulk-polymer Izcd  cast) 

(emulsion-polymerized) 

(molded  commercial 
resins) 

1.25  X  10^ 

0.19  -  3.6  X  10^ 
1.1  X  10^ 

1.0  X  10^ 

1  -  2  X  10^ 

6 .4 

4  -  6.4 

6.2 

6.4 

5.5  -  6.4 

deijrin 

(extruded) 

- 

6.4 

Celcon 

(extruded) 

- 

6.4 
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TABLE  2.2  CHAKACTERIZATICN  OF  FMMA 


Specimen 

[Tll.dl/g 

a  .  x  lO"^ 

V 

0 

4.4 

36 

110 

56 

1 

3.5 

23 

108 

56 

2 

2.5 

15 

no 

56 

3 

0.9 

3.5 

108 

56 

4 

0.57 

1.9 

104 

56 

5 

0.35 

1.0 

96 

54 

6 

0.28 

0.72 

92 

54 

7 

0.22 

0.55 

a 

a 

8 

0.15 

0.33 

a 

a 

®too  brittle  to  test 
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table  2.3  MOLECULAR  WEIGHTS  OF  EMULSION-POLYMERIZED 
AND  COMMERCIAL  PMMA 


,0-5 

Specimen 

Description 

M  X  10 

V 

lE 

Emulsion  Polymerized 

at  40°C 

81 

2E 

Emulsion  Polymerized 

at  40°C 

6.0 

3E 

Emulsion  Polymerized 

at  60^C 

3.7 

4E 

Emulsion  Polymerized 

at  40^C 

2.6 

5E 

Emulsion  Polymerized 

at  40°C 

1.9 

6E 

Emulsion  Polymerized 

at  60°C 

1.5 

7E 

Emulsion  Polymerized 

at  40°C 

1.0 

8£ 

Emulsion  Polymerized 

at  40^C 

0.76 

VS 

Plexiglas  VS 

1.4 

V9 

Plexiglas  V-920 

molded 

1.3 

V8 

Plexiglas  V-811 

commercial 

1.2 

LF 

Lucite  4F 

PMMA 

2.0 

lA 

Lucite  40 

resins 

2.0 

LI 

Lucite  140 

2.0 
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TABLE  2.4 


CHARACTERIZATION  OF  MMA-nBA  COPOLYMERS 


Mole  Ratio 
MMA/nBA 

"g’  " 

T  ®  °C 

P« 

[Til,  ml/g 

M  X  lO"^ 

V 

100/0 

110 

56 

4.8 

3.6 

90/10 

86 

54 

9.0 

3.7 

85/15 

68 

40 

14.9 

7.1 

80/20 

65 

40 

15.0 

7.2 

75/25 

57 

- 

14.5 

7.1 

70/30 

53 

- 

14.5 

6.2 

60/40 

23 

- 

10.5 

5.0 

50/50 

7 

— 

12.5 

6.5 

“From  maximum  in  E";  the  P  peak  is  increasingly  overlapped  by 
the  glass  transition  peak  as  Tg  decreases. 
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IAB1£  2.5  COMPOSITION  AND  M  OF  FVC  SPECIMENS 


Code 

7.  DOP 

M  xlO'^ 
n 

M  xio"^ 

V 

M  xlO  ^ 
w 

M  xlO"^ 
z 

M  /M 
w  n 

M-l-P-O 

0 

1.04 

2.04 

2.25 

4.10 

2.16 

M-I-P-13 

13 

II 

II 

tl 

II 

II 

M-2-P-O 

0 

0.673 

1.28 

1.41 

2.45 

2.09 

M-2-P-6 

6 

II 

M 

II 

II 

II 

M-3-P-0 

0 

0.465 

0.882 

0.965 

1.67 

2.07 

M-3-P-13 

13 

II 

II 

It 

M 

II 

M-4-P-0 

0 

0.279 

0.553 

0.605 

1.02 

2.17 

M-4-P-13 

13 

It 

11 

II 

II 

V  gel  permeation  chromatography. 

1  4  and  z-average  molecular  weight, 

™:prcav:lr  1«r  u„pla..Li..d  poly»e.. 


Data  supplied  by  Dr.  E.  A.  Collins 


where 


AP  is  the  load  range,  B  the  specimen  thickness,  W  the  spec- 
ir.en  width,  a  the  crack  length  and  the  correction  factors 

Y  •=  29.6  -  185.5(a/w)  +  655.7(a/w)^  -  1017. (a/w) 

+  638.9 (a/w for  CT 

2  3 

Y  -=  1.99  -  O.Al(a/w)  +  18.70(a/w)  -  38.48(a/w) 

+  53.85(a/w)^  for  SEN. 

2.4  Fatigue  Testing 

Fatigue  tests  were  performed  on  a  MTS  electrohydraulic  closed 
loop  testing  machine  spanning  a  test  frequency  range  of  1  to 
100  Hz.  The  ratio  of  minimum  to  maximum  load  (R)  was  maintained 
at  0.1.  Unless  specified  otherwise,  all  fatigue  tests  were  run 
in  air  under  sinusoidal  waveform.  When  isolating  the  effect  of 
strain  rate,  the  triangle /\  .  negative  K  and  positive  sawtooths/1  . 
and  the  squareTL waveforms  were  utilized  at  1  and  10  Hz.  Crack 
growth  was  monitored  in  increments  of  approximately  0.25mm  with 
the  aid  of  a  Gacrtncr  travelling  microscope. 


2.5  Precracking 

Precracking  refers  to  the  initiation  and  growth  of  a  crack 
from  the  tip  of  the  machined  notch  to  a  certain  length  where  meas 
urement  of  the  crack  propagation  process  could  be  monitored.  Al¬ 
though  initiation  is  an  important  fatigue  process,  it  is  of  sec¬ 
ondary  concern  in  studies  of  FCP;  consequently,  techniques  were 
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•  •  •;*-CP.  In  the  tour,her  materials,  in- 

deve  loped  to  ninmize  th  ls  s-C{ 

v.  f-  hv  cutting  a  chevron  at  the  crack  tip  and 

itiation  is  hastened  by  cuccini, 

sharpening  with  ,  scalpel.  The  spectoen  Is  then  cycled  at  high 
frepnency  (100  Hz)  at  loads  approtl.ately  307.  higher  than  cal¬ 
culated  for  obtaining  the  desired  initial  da/dN  level.  Ihe  crack 
usually  initiates  after  50-100,000  cycle,  by  this  n,ethod.  At 
this  point,  the  load  is  reduce  In  57.  steps  ever,  10.000  cycles 
nntll  the  loads  calculated  for  the  assumption  of  the  data-taklng 
procedure  are  reached.  Ibc  crack  Is  Chen  groan  5  an,  before  the 
first  data  point  Is  taken  to  Insure  ag.lnst  overload  Interactions 
For  those  mnterlals  which  are  exceedingly  brittle  (all  epox¬ 
ies  and  low-M  FIM)  a  type  of  •■dynamic  crack  sharpening  technique 
„as  developed  which  dramatically  aided  crack  Initiation.  Ulth 
this  method,  the  sample  is  cycled  at  high  frequency  at  the  de¬ 
sired  te.rihg  loads.  At  the  same  time  a  sharp  razor  is  drawn 
.cross  the  crack  tip  chevron.  Inirl.rion  «£  FCP  is  nsnaliy  it.- 

stantaneous . 

2.6  Low  Tpmporaturc  Testing 

LOW  temperature  i.ttgue  testing  was  carried  ont  in  a  small 
well  insulated  envirnnmental  test  chamber.  The  desired  tempera¬ 
ture  was  obtalhcd  by  carefully  controlling  the  flow  of  cooled 
nitrogen  vapor  through  the  ehnmbor.  Ihe  temperature  control  was 
believed  to  be  within  ±2  K,  measured  ndjneent  in  the  crnck.  A 
double  gloss  window  separnted  b,  dry  nitrogen  enabled  crack  meas 
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orcr.=r.ts  to  be  made  readily  without  fear  of  frost  forming  on  the 
external  glass  pane. 

2,7  Fracture  Surface  Analysis 

Fracture  studies  were  conducted  with  an  optical  metallo- 
graph,  a  Philips  EM  300  transmission  electron  microscope  (TEM) 

and  an  EXEC  scanning  electron  microscope  (SEM) -  Specimens  pre¬ 
pared  for  use  in  the  SEM  were  carbon  and  gold  coated,  -^’o  stage 
replicas  for  TEM  observation  were  made  by  first  applying  a  thin 
layer  of  107.  poly(acrylic  acid)  in  water  to  the  fracture  surface 
After  allowing  sufficient  time  for  drying,  the  plastic  replica 
was  stripped  from  the  fracture  surface,  chromium  shadowed  and 
carbon  coated.  Finally,  the  poly(acryllc  acid)  was  dissolved  in 
water  leaving  the  shadowed  carbon  film  read  to  be  mounted  for 
viewing  in  the  TEM. 


21 


111.  Tlic  ECCect  of  Frequency,  Waveforir;  and 
Temperature  on  FCP  in  Polymers 


3 .1  Introduction 

It  1,  gtncr.lly  accepted  that  the  .echaaital  reapoaae  o£ 
vlscoclaatlc  aoUda,  aach  as  polycets,  is  highly  aeaaitlve  to  the 
rate  of  defotmtlon.  Therefore,  It  ia  not  uoaxpocted  that  under 
fatigue  loading,  crack  growth  ratea  In  eertain  polyncra  are 
atrongly  affected  by  the  cyclic  rate  or  freguency.  However,  un¬ 
like  fatigue  induced  ther»l  aoftenlng,  dlacuaacd  earlier,  no 
a^lting  has  ever  been  reported  during  FCP  at  freguencies  ranging 
£rea.  0.01  to  100  Hr.  Presumably,  the  entire  croaa  section  must 
be  highly  stressed  to  incur  melting.  «hen  FCP  la  dominant,  the 
zone  of  highly  stressed  material  is  localised  at  the  tip  of  the 
advancing  crack.  Apparently,  the  cooler,  less  stressed  materi¬ 
al  aurroundlng  this  tone  of  deformation  is  capable  of  .bsorhlog 
any  excess  hysteretlc  energy,  thus  preventing  an  unstable  temper¬ 
ature  rise.  Conseguently,  although  some  crack  tip  heating  does 
occur”  melting  is  precluded  and  crack  growth  always  occurs  by 
a  mechanical  process.  It  is  therefore  surprising  that  Investi¬ 
gators  hove  reported  a  considerable  decrease  In  crack  growth 
rates  In  PHHA^”'’  and  with  Increasing  freguency 

while  PC,  PSF,  nylon  66  and  PVDF  were  Insensitive  to  freguency 
changes^  Using  an  expanded  data  base,  an  attempt  will  be  made 
to  thoroughly  evaluate  these  hypotheses. 
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is  the  form  of  the  re- 


Closely  related  to  cyclic  frequency 
peating  wave.  By  evaluating  fatigue  crack  growth  rates  as  a 
function  of  various  wavefonns  having  different  loading  rates, 
the  basic  importance  of  strain  rate  may  be  isolated  from  fre¬ 
quency.  From  an  enginnering  standpoint  it  is  unlikely  that 
cyclically  loaded  structures  will  be  subjected  to  a  perfect 
sinusoidal  waveform.  At  present  only  two  investigations  have 
been  reported  which  discuss  waveform  effects  on  polymers. 

Harris  and  Ward^°  examined  the  FCP  response  of  a  co,nplex  vinyl 
urethane  under  square  and  triangular  waveforms.  The  triangu- 
lar  wave  was  reported  to  have  produced  crack  growth  rates  6 
times  faster  than  were  observed  uner  the  square  wave.  They 
rationalized  that  the  rapid  load  ramping  or  ascending  strain 
rate  associated  with  the  square  wave  produced  a  stiffening  and 
strengthening  of  the  material  consistent  with  the  predicted 
response  of  a  viscoelastic  material.  Conversely,  FCP  waveform 
studies  of  PC^  showed  no  significant  differences  in  da/dN  be¬ 
tween  sinusoidal  and  square  waves  at  1  and  10  Hz.  Clearly, 
further  investigation  is  required  to  adequately  understand  poly 


mer  fatigue  response  to  cyclic  waveform. 

If  a  similarity  existed  between  the  effect  of  temperature 
„„  FCP  and  tho  aL.FU  tanslla  propertie,  of  polymera.  ono  .isht 
.xpect  an  l.prova.ent  In  cyollc  behavior  (decraasa  In  da/dN) 
vUh  dacraaslng  tanparatuta.  This  I.  aonststant  with  tha  in- 
craasa  in  nodulns  and  strancth  vhlch  accampanlas  a  drop  In  fast 
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KMeracrc.  Houevet,  such  u  simplistic  explanation  cannot  account 
for  the  temperature  dependence  of  the  many  complex  mechanisms  which 
control  fatlEUc  crack  crowth  rates.  In  fact.  Kurobe  and  Wakashlma 
noted  a  decrease  in  the  fatisue  life  of  TOMA  end  PC  when  test  tem¬ 
perature  was  decreased  from  323  K  to  263  This  was  in  agree¬ 

ment  with  their  fractographic  evidence  which  also  Indicated  an  in¬ 
crease  in  crack  growth  rates  with  decreasing  temperature.  Recent 
paper,  by  Oerberlch  and  Martin  have  in  part  confirmed  the  deleter¬ 
ious  effect  of  lower  temperatures  on  TCP  in  PC^^  and  have  found  a 
aimllar  response  in  PSp”  In  FCP  tests  at  temperatures  ranging  from 
125  K  to  380  K.  they  reported  a  minimum  in  toughness  and  a  maximum 
in  da/d»  at  223  K.  After  a  thorough  analysis,  they  concluded  that 
the  minimum  in  properties  corresponded  to  a  minimum  in  the  loss  mod¬ 
ulus  when  integrated  over  a  100  K  temperature  interval.  A  100  K  In- 
creaae  in  crack  tip  temperature  was  hypothesized  to  occur  by  cyclic 
Induced  heating  at  1  Hr.  While  a  considerable  temperature  rise 
might  be  incurred  during  rapid  fracture  or  high  freguency  fatigue 
teat  conditions,  this  writer  believes  that  tl,e  hysteretic  heat  build- 

up  at  1  Hz  should  be  negligible. 

Due  to  the  limited  amount  of  FCP  data  as  a  function  of  temper¬ 
ature  and  gueatlonablc  Interpretation  of  previously  reported  results 
more  extensive  experimentation  is  in  order.  An  attempt  will  be  made 
to  evaluate  further  the  importance  of  test  temperature  on  crack 
growth  rate,  at  1  and  100  Hz  in  PC.  PSF.  and  PMH\. 
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3 . 2  Results  and  Discussion 


3.2.1  The  Effect  of  Cyclic  Frequency  in  Polynicrs 
me  effect  of  cyclic  test  frequency  on  fatigue  crack  growth 
rates  in  a  variety  of  polymers  is  shown  in  Figures  3. 1-3. 6.  Of 
these  curves,  the  data  base  for  PS  (Figure  3.5a  )  .spanning  a  four 
decade  change  in  da/dN  obtained  over  a  3  decade  change  in  frequency 
may  represent  the  most  extensive  FCP  data  base  available  for  any  one 
polymer.  It  is  evident  that  all  polymers  evaluated  in  this  study 
may  be  placed  in  one  of  two  categories  with  regard  to  their  respec¬ 
tive  frequency  sensitivity.  As  previously  reported,  crack  growth 
rates  in  PC  and  PSF  (Figures  3.1  and  3.2)  were  found  to  be  insensi¬ 
tive  to  test  frequency.  Conversely.  PVC,  PMMA,  PS.  and  Noryl  all 
showed  some  decrease  in  da/dN  with  increasing  frequency  (Figures 
3.3,  3.4,  3.5a,  and  3.6).  While  the  absolute  effect  of  frequency 
was  not  the  same  in  all  polymers  tested,  it  is  important  to  note 
that  da/dN  never  increased  with  increasing  frequency,  merefore, 
the  frequency  response  of  FCP  and  cyclic  induced  softening  arc  anti¬ 
podal.  Confirming  the  occurrence  of  heating  in  both  mechanisms  of 
fatigue,  Attermo  and  Ostberg^^  reported  a  30  K  crack  tip  temperature 
rise  in  PVC  at  11  Hz;  however,  this  condition  appears  to  be  bene¬ 
ficial  to  FCP.  Consistent  with  this  observation  arc  the  results 
obtained  in  a  test  of  an  internally  plasticized  PMMA  (to  be  dis¬ 
cussed  in  greater  detail  in  Chapter  IV).  Having  a  very  high  value 
of  J",  this  polymer,  when  tested  at  high  frequency,  became  hot  to 
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da/dN,  mm/cycle 


Figure  3.1  Effect  of  cyclic  frequency  on  fatigue  crack  propagatio 
in  polycarbonate/ 
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Effect  of  cyclic  frequency  on  fatigue  crack  propagation 
in  PMMA.l® 


POLYSTYRENE 


Fatigue  crack  propagation  data  in  a)  polystyrene  and  b) 
showing  the  effect  of  cyclic  frequency  and  crosslinking. 


the  c.-ach.  No  crack  ^routh  occurred  under  these  conditions. 

3.2.2  The  Importance  of  Crec£  i_n  FCP 

A  characteristic  of  all  polymers  which  show  some  sensitivity  to 
frequency  is  the  shape  of  the  crack  growth  curve  (see  Figures  3.3, 

3. A,  3.5a,  and  3.6)-  Over  an  intermediate  crack  growth  range,  the 
slopes  of  the  growth  rate  curves  for  different  frequencies  are  near¬ 
ly  equal.  Below  this  range  the  data  converge  (i.e.  FCP  rates  be¬ 
come  somewhat  less  sensitive  to  test  frequency)  while  above  this 
range,  test  frequency  plays  an  increasingly  more  important  role  in 
determining  crack  growth  rates.  This  fatigue  behavior  is  postulated 
to  be  related  to  the  existence  of  a  variable  creep  component.  It 
has  been  reasoned  that  crack  growth  rates  may  be  considered  to  be 
the  sum  of  a  pure  fatigue  component  da/dN^,^,)  and  a  pure  viscous 
creep  component  da/dt^^^)  where 

■‘“'‘‘“(tot)  ■ 

At  low  AK  whore  da/dt<„>  It  small,  da/dN^„^,  approaches 
<**"''(fat)  'dnsltivlty  in 

thla  tost  ranee.  At  high  AK  whore  da/dt  Is  believed  large,  the 
Utter  exponent  represents  a  greater  portion  of  da/dK^j.^^,,  thus 
erplslnlng  the  Increased  Ireqneney  sensitivity.  At  Intermediate 
levels  of  AK,  da/dN,j^^,  and  da/dt^^^^  are  presumed  to  be  of  com¬ 
parable  magnitude,  thereby  aceounting  for  the  simple  displacement 
of  the  etaek  growth  rate  curves  with  changing  frequency.  This 
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hv?3thesi.s  is  supported  in  part  by  the  CLPS  data  shown  in  Figure 
3.5b.  The  presence  of  chemical  crosslinks  acts  to  suppress  viscous 
flow,  causing  the  frequency  sensitivity  of  CLPS  to  be  much  less 
than  linear  PS  (Figure  3.5a).  However,  further  laboratory  studies 
suggest  that  this  model  may  not  be  generally  applicable  to  all  poly¬ 
mers.  Fatigue  tests  of  selected  polymers  have  shown  a  strong  fre¬ 
quency  sensitivity  at  stress  Intensity  levels  where  no  creep  crack 
growth  was  measureable.  This  does  not  rule  out  the  possiblity  that 
a  synergistic  relationship  may  exist  between  fatigue  and  creep  crack 
growth  where  the  cyclic  nature  of  fatigue  deformation  induces  creep. 
For  example,  studies  of  vibrocreep  have  shown  a  significant  increase 
in  creep  rates  wiien  minute  cyclic  loads  are  superimposed  on  the  ma¬ 
jor  static  stress^^’^^  At  any  rate,  it  seems  clear  that  a  simple 
superposition  model  involving  pure  fatigue  and  creep  components  is 
both  unreasonable  and  over simplistic. 


3.2.3  Strain  Rate  Effect 

Recognizing  the  large  effect  that  strain  rate  changes  have  on 
the  mechanical  properties  of  polymers  in  general,  one  must  appre¬ 
ciate  the  fact  that  an  increase  in  the  cyclic  frequency  is  tanta¬ 
mount  to  an  increase  in  strain  rate.  Since  many  polymers  are  high¬ 
ly  viscoelastic  over  certain  time  and  temperature  ranges,  their 
mechanical  properties  should  be  sensitive  to  strain  rate  or  fre¬ 
quency  in  these  regimes.  Consequently,  an  increase  in  the  frequency 
should  increase  the  modulus  and  strength  and  enhance  FCP  resistance. 
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=t.«  end  resi.U  Is  consistent  vith  the  frequency  response  of 
certein  polymers.  It  is  o  £»ct  thet  the  mechqnical  properties  of 


a 


11  polymers  studied  in  this  dissertation  lie  close  to  or  above  the 
plateau  in  the  mechanical  properties  -  tlme/te„perature  curve  (l.c. 
a  change  in  frequency  of  2-3  orders  of  magnitude  could  not  dramat¬ 
ically  alter  any  mechanical  property).  Che  can  only  conclude  that 
.train  rate  effects  alone  should  not  be  uholly  responsible  for  the 
observed  frequency  sensitivity  of  TCP.  A  thorough  analysis  of 
strain  rate  ulll  be  offerred  In  tbe  section  on  vaveform. 


3_2.q  f.  -  Transition  -  Frequency  Sensitivity  Hypothests 
The  p  peak,  representing  a  maximum  in  loss  modulus  in  the  dy- 
Mmlc  mechanical  spectrum  of  certain  polymers,  has  been  related  to 
scln  chain  segmental  motion.  Since  specific  mechanical  properties 
have  been  linked  to  the  b  transition^  an  attempt  was  made  to  re¬ 
late  the  frequency  sensitivity  of  a  polymer  to  its  S  peak  or  as¬ 
sociated  Jump  frequency.  It  was  possible  through  extrapolation  and 
interpolation  to  estimate  the  jump  frequencies  of  PS.  PMMa.  PC, 

nylonf  poly(vinylidene  fluoride )^^nd  PSF'‘^t  room  temperature. 

The  relative  change  in  da/dN  per  decade  decrease  in  frequency,  cal¬ 
culated  from  the  linear  and  parallel  portions  of  the  crack  growth 
rate  curves  in  Figures  3. 3-3. 6  was  given  by  the  "frequency  aensitiv 
ity  factor"  (FSF)  and  is  listed  for  each  polymer  in  Table  3.1.  The 
comparison  of  the  room  temperature  jump  frequency  and  FSF  yielded  a 
very  interesting  and  profound  relationship  (Figure  3.7). 
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l:  is  eviJ«nt  that  the  polynats  vhith  exhibited  a  jun?  ft.qdahcy 
close  to  the  MChanical  test  {requeney  regtao  showed  a  hlsh  fre¬ 
quency  sensitivity  factor,  while  those  polyers  with  a  Ju^p  fre¬ 
quency  fuch  greater  than  the  test  frequency  range  had  no  frequency 
sensitivity  (FSF  -  1).  Although  no  polyn^r  with  a  j«tp  frequency 
„uch  less  than  the  test  frequency  has  been  tested,  a  frequency 
sensitivity  factor  at  about  1  for  such  «  material  would  be  expected, 
nils  relationship  suggests  a  condition  of  resonance  of  the  external¬ 
ly  imposed  test  machine  frequency  with  the  material’s  Internal  seg¬ 
mental  mobility  correspondlns  to  the  f  peak. 

On  the  basis  of  the  correlation  shown  In  Figure  3.7.  one  would 
expect  the  room  temperature  frequency  sensitivity  factor  of  PC,  PSF. 
nylon  66.  and  PVDF  to  increase  were  it  possible  to  excite  these  ma- 
cerisls  at  test  frequencies  in  the  range  of  lo‘  Hr.  Unfortunately, 
this  could  not  be  studied  directly  because  of  test  machine  limita¬ 
tions.  However,  since  the  segmental  motion  Jump  frequency  varies 
with  temperature,  it  should  be  pesslble  to  choose  a  particular  test 
temperature  for  each  material  that  will  hring  the  Jump  frequency  in¬ 


to  the  cyclic  frequency  range  permitted  by  our  test  machine.  For 
this  case,  the  frequency  sensitivity  should  be  maximised.  Corre¬ 
spondingly.  the  frequency  sensitivity  of  MIA  should  be  attenuated 

at  test  temperatures  below  ambient. 

Therefore  to  further  clarify  this  correlation  between  cyclic 
frequency  end  Jump  frequency,  the  FSF  was  evaluated  at  different 
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test  -Tiperacurcs.  The  poH'mers  chosen  for  this  study  wore  P>DIA, 

PSF,  and  PC.  Polycarbonate  and  polysulfone  which  showed  no  fre¬ 
quency  sensitivity  at  room  temperature,  were  tested  at  lower  tem¬ 
peratures  where  the  p  peak  at  the  test  frequency  is  maximized. 
Correspondingly.  PMMA,  a  polymer  with  a  high  frequency  sensitivity 
factor  at  room  temperature,  was  tested  at  lower  temperatures  where 
the  test  frequency  and  the  Jump  frequency  differ  by  orders  of  mag¬ 
nitude.  In  this  manner,  the  FSF  for  this  material  should  be  re¬ 
duced.  (With  all  specimens,  it  should  be  noted  that  since  each 
frequency  corresponds  to  a  somewhat  different  value  of  the  temper¬ 
ature  for  the  p-process.  experiments  at  constant  temperature  arc  not 

47 

rigorously  comparable.  However,  inspection  of  typical  p-peak  data 
shows  that  the  consequent  error  in  the  frequency  sensitivity  factor 

will  not  affect  the  conclusions.) 

Frequency  sensitivity  factors  were  calculated  for  all  test  spec¬ 
imens  from  fatigue  crack  propagation  data  obtained  at  1  and  100  Hz. 
The  values  of  the  frequency  sensitivity  factor  were  then  plotted  as 
a  function  of  temperature  and  are  sho\TO  in  Figures  3.8-3.10.  Poly¬ 
sulfone  and  polycarbonate,  two  polymers  which  showed  negligible  fre¬ 
quency  sensitivity  at  room  temperature,  exhibited  a  maximum  in  fre¬ 
quency  sensitivity  factor  (>2.A)  at  temperatures  corresponding  to  a 
jump  frequency  between  1  and  100  Hz  for  both  materials.  FMMA  which 
demonstrated  a  maximum  FSF  at  room  temperature  (jump  frequency- 
test  frequency)  responded  to  a  lowering  of  test  temperature  with  a 
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Figure  3.8  Relationship  between  the  frequency  sensitivity  factor  and  temperature  in  polysulfone 


Frequency  Sensitivity  Factor 


Figure  3.9  Relationship  between  the  frequenc^^^scnsitivity  factor 
and  temperature  in  polycarbonate. 
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Lationshlp  between  the  frequency  sensitivity  factor  and  temperature  in 


consSiera-B'.c  decrease  in  FSF  os  the  l.»P  frequency  became  much  l™- 
er  than  the  test  frequency.  These  data  lend  further  support  to  the 
correctness  of  the  fl-jump-frequeocy-test  frequency  correlation, 
such  a  coiTclatlon  is  not  ulthout  precedent,  for  the  S-proccss  may¬ 
be  associated  ulth  yleldlnj,  creep,  crating  and  crack  growth  phe- 
nomena“  Carrying  this  relationship  one  step  further,  it  is  pos¬ 


sible  to  normalite  the  previous  data  with  respeet  to  the  tempera- 
ture  of  the  b-»o*lmuo.  Figure  3.11  shows  the  relationship  between 
the  FSF  for  FSF,  PC,  «"'!  preliminary  PS  data  and  the 

nermalitlng  factor  T-T^.  Note  that  .11  data  points  fall  appros- 
taately  on  the  some  curve  evincing  the  generality  of  this  eorrela- 

tion. 

A  physical  interpretation  of  this  correlation  may  be  seen  with 
the  following  model.  It  is  generally  accepted  that  the  h-peak  rep¬ 
resents  a  region  of  maaimm.  loss  compliance,  associated  with  a  high 
level  of  damping  or  energy  dissipation.  This  Increase  in  damping 
leads  to  a  corresponding  increase  in  hysteretlc  energy  and  a  loeal- 


iaed  temperature  rise.  In  the  notehed  samples  utilized  in  this 
study  and  others,  the  maximum  heat  rise  is  restricted  to  the  minute 
pUstic  zone  near  the  crack  tip  while  the  bulk  of  the  apecimen  ex¬ 
periences  lower  cyclical  stresses  and  remains  essentially  at  ambient 
temperature.  Although  heat  transfer  from  the  plastie  zone  to  its 
cooler  surrounding  environment  might  limit  the  rate  of  crack  tip 
heating,  fatigue  testing  at  high  frequencies  (100  Hz,  should  never¬ 
theless  produce  a  considerable  temperature  rise  at  the  crack  tip. 
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T-T^.  K 


Figure  3.11 


Relationship  between  FSF  and  the  normalized  p-tran- 
sition  temperature,  T  -  T^. 
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This  hss  been  contlrr.ed  by  Atcct».o  .n<l  Ostbers”  vho  recorded  s  rbT.- 
1=.-.  incrsbsd  in  cr.ck  tlP  cepbtature  o£  30  K  in  latlgne  besting  of 
pol'.s-ets  at  only  H  He.  With  a  significant  increase  In  teperature , 
yielding  processes  in  the  material  suttonndlng  the  crack  tip  should 
he  enhanced.  This  should  lead  to  an  Increase  In  the  crack  tip  radi¬ 
us.  This  greater  radius  of  curvature  at  the  crack  tip  should  result 
in  a  louer  effective  hK.  As  the  effective  AK  decreases,  da/dh  Is 
erpeeted  to  decrease  accordingly.  While  no  attempt  uas  made  to  me.s. 
ure  crack  tip  radii  or  temperatures  In  this  study,  high  frequency 
fatigue  tests  performed  on  another  polymer  (Internally  plastlclred 
mm)  with  a  very  high  value  of  J"  caused  the  crack  tip  region  to 
rapidly  become  hot  to  the  touch.  In  addition,  the  crack  tip  became 
visibly  rounded.  At  this  point,  stable  crack  growth  ceased. 

It  is  conceivable  then  that  the  freguency  sensitivity  factor 
I,  ackimlted  when  the  rate  of  crack  tip  heating  Is  greatest  since 
crack  growth  rates  will  be  slowest  in  comparison.  This  should  oc¬ 
cur  at  temperatures  where  ekt.nsive  energy  dissipation  or  damping 
is  present  within  a  polymer,  and  would  occur  In  resonance  with  the 

test  frequency. 

3.2.5  Tlie  Effect  of  Waveform  on  FCP  In  _Polyme_^ 

In  the  previous  section,  the  effect  of  freguency  on  the  FCP  be¬ 
havior  of  plastics  was  carefully  analyzed  under  conditions  of  sinus 
cldal  loading.  Since  strain  rate  (i)  was  Identified  as  one  of  .ev- 
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seers  appropriate  to  isolate  the  effect  of  this  basic  parameter  on 
FCP.  To  isolate  the  effect  of  strain  rate  on  FCP,  cyclic  tests  of 
certain  polymers  were  conducted  at  fixed  frequencies  but  different 
load  waveforms:  the  square  wave,  triangle,  positive  and  negative 


sawtooth.  In  addition  to  the  previous  waveforms,  baseline  sinus¬ 
oidal  da/dN  vs.  AK  data  was  available  for  all  materials-  Tbe  above 


mentioned  waveforms  may  be  listed  in  order  of  decreasing  strain 
rate  as  follows:  square  and  negative  sawtooth,  triangle  and  posi 


tive  sawtooth. 

In  testing  under  variable  waveform  conditions,  another  parame- 
ter,  time  under  load  or  creep,  becomes  an  important  variable  that 
may  affect  the  fatigue  crack  growth  process.  By  maintaining  con¬ 
stant  strain  rote  and  varying  the  integrate  time  under  load,  creep 
crack  growth  may  also  be  isolated.  Experimentally,  this  could  be 
accomplished  by  comparing  crack  growth  rates  obtained  under  the 
square  and  negative  sawtooth  waveforms  where  the  ascending  strain 
rate  is  equal  but  the  square  wave  exhibits  twice  the  time  under 
load  as  compared  with  the  sawtooth  waveform. 

The  overall  test  frequency  was  maintained  at  1  or  10  Hr  to 
minimize  the  possibility  of  extensive  crack  tip  heating.  However, 
considering  the  exceedingly  high  strain  rate  of  the  rapid  ramping 
functions,  some  heating  may  occur  during  the  initial  portion  of 


each  cycle. 
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The  results  of  the  variable  waveform  fatigue  tests  of  PC,  Mb'v, 
r.-=-,  ?S  and  epo,<y  arc  listed  in  Table  3.2.  These  crack  growth 
rates  cere  obt.alaed  at  a  coastant  4K  »hich  was  chosen  to  yield  con- 
venlently  obtainable  crack  growth  rates.  From  Table  3.2.  PMMA,  PS 
and  PVC  exhibit  so.e  changes  in  da/dN  as  a  ienction  of  waveforw, 

while  PC,  PVDF  and  epoxy  showed  no  variation. 

While  the  changes  in  da/dN  with  waveform  arc  small  in  compar- 
Ison  to  the  frequency  effect  shotn.  earlier,  they  accurately  reveal 
the  true  but  ntlnor  effect  of  strain  rate.  It  is  core  than  coinci¬ 
dence  that  the  save  polymers  which  exhibit  a  strong  frequency  sensi¬ 
tivity  also  are  sensitive  to  wavefoTO.  One  can  only  speculate  that 
the  P  transition  eery  also  be  responsible  for  wavefor.  effects.  This 
Is  consistent  with  the  possibility  of  maximum  strain  rate  effects 
and  creep  rates  occurring  around  the  p  transition?^  it  Is  there¬ 
fore  quite  Interesting  to  note  that  the  polymers  sensitive  to  wave¬ 
form.  PS.  P»lh  and  PVC.  also  exhibit  strong  p  peaks  in  the  test  fre- 

qucncy  range. 

Of  those  polynsers  which  revealed  ehenges  In  da/dN  with  wave¬ 
form.  two  dlatinet  responses  are  evident.  PVC  and  PS  showed  a  eon- 
tleueus  increase  in  crock  growth  rate,  with  increasing  loading  rate 
and  are.  under  the  lead-time  curve  (note  in  Table  3.2  .  da/dNjT> 
da/dNp.  >  da/dN^  >  da/dN^  )•  Conversely.  PMHA  was  insensitive  to 

varying  strain  rate  but  was  affected  only  by  time  under  the  curve 
(da/dNn,~  2.5  (da/dNK,A,/l>' 

loportanee  of  creep  creek  growth,  however.  It  Is  clear  that  the 


Tabic  3.2  Crack  Growth  Races  as  a  Function 
of  Waveform 


Material 

&K 

MPa/m 

Frequency 

Wz 

rv 

da/dN 

X  10 

K 

/I 

PVC 

.72 

1 

1.17 

1.41 

1.02 

1 .08 

0  .o 

ir 

1* 

10 

0.8 

0.9 

0.7 

0.8 

0.68 

ti 

.77 

1 

2.03 

1.96 

1.7 

II 

.77 

10 

1.33 

1.3 

1.14 

PMMA 

.83 

1 

19.2 

7.8 

8.2 

7.8 

PS 

.77 

1 

21.6 

17.8 

14.5 

13.9 

Epoxy 

1.6:1 

.70 

1 

2.26 

2.20 

2.30 

PVDF 

2.0 

1 

No  Change 

10 


No  Change 


s  =  u.r*  uavefo™  with  Its  n.xlmus,  loading  rate  and  ttae  under  load. 

generally  yields  the  highest  da/dN. 

If  the  wavefor.  -  da/dh  relationship  is  linked  to  the  P  tran- 

sltio.s,  the  shape  o£  the  P  peak,  or  more  specifically  the  slope  of 
the  damping  curve  at  this  maximum  may  account  for  the  specific  wave¬ 
form  response  observed.  A  positive  slope  would  signify  an  increase 
in  damping  with  increasing  temperature  and  a  negative  slope,  the  re¬ 
verse.  The  loss  modulus  vs.  temperature  curve  for  PMMA  (Figure 
3.12a)  shows  a  maximum  at  room  temperature  corresponding  to  the  P 
peak.  With  a  slight  temperature  rise,  the  slope  become,  negative 
end  damping  decreases.  If  I««A  la  cycled  under  a  waveform  involv¬ 
ing  a  rapid  initial  strain  rate,  some  crack  tip  heating  may  occur, 
but  the  increase  in  temperature  should  be  guickly  balanced  by  de¬ 
creasing  damping.  Therefore,  it  may  be  argued  that  strain  rate, 
per  se.  should  not  affect  da/dtl  in  PM«A.  However,  the  P  peak  has 
been  related  to  a  maximum  in  static  load-related  creep  rates.  Con- 
sequently,  the  fatigue  response  of  PMMA  should  be  highly  sensitive 
CO  time  under  load  which  is  consistent  with  the  maximum  FCP  rates 
being  associated  with  the  square  waveform  of  loading.  PS  and  PVC 
also  exhibit  p  peaks  near  room  temperature  (Figures  3.12b,c  ).  but 
both  curves  show  positive  slope,  in  their  damping  (C"  or  tan  6)  - 
temperature  curves.  In  these  materials,  a  waveform  with  a  higher 
ascending  strain  rate  should  Induce  a  real  temperature  rise  at  the 

crack  tip. 

It  seems  apparent  from  the  previous  discussion  that  the  strain 
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which  could 


rate  sarx'cs  to  modify  crack  tip  conditions  in  a  manner 

cr«p  cr.ck  grovth.  Consistent  with  this  nrgnment  Is  the 
total  lock  o£  vnvelot.  sensitivity  In  the  heavily  crosslinked  epoxy 
n  naterlel  where  creep  censed  by  nolccnler  chain  slldina  is  highly 
restricted.  Now  consider  the  vovetorm  response  o£  PS-PU  reported 
by  Harris  and  Hard*'’  Althongh  the  exact  composition  of  PS-PU  is 
not  known  to  the  anther,  the  anthers  Indicated  that  this  avrterlal 
consisted  of  a  2  component  strnctnre  of  glassy  PS  and  crosslinked 
robbery  PU.  If  this  natcrlal  behaves  In  a  nmnner  similar  to  other 
interpenetrating  network  polymers,  one  might  expect  the  mechanical 
properties  of  both  components  to  be  evident.  Under  the  rapid  load¬ 
ing  associated  with  the  sqnare  waveform,  the  robbery  component 
.honld  exhibit  increased  rigidity  and  yield  strength  which  wonld 
acconnt  for  a  drop  In  crack  growth  rates.  Conversely,  the  sqnar. 
waveform  wonld  tend  to  prodnee  mote  creep  cracking  In  the  PS  com¬ 
ponent  of  the  material.  In  fact,  Harris  and  Hard  fonnd  the  sqnare 
waveform  to  yield  a  mlnimnm  In  crack  growth  rates.  This  snggests 
that  the  strain  rate  sensitivity  of  this  two  phase  material  was 
dominated  by  the  rubbery  PU  phase. 

3.2.6  The  Effect  of  Temperature  on  FCP  in  PSF,  PC  W 
PMMA- 

Flgnres  3.13-3.15  show  crack  growth  data  for  PC.  PSP  and  PMMA 
re.pectlvely,  at  1  and  100  Hr  over  a  temperaenre  range  of  150  K  to 
300  K.  A  comparison  of  the  1  Hr  crack  growth  enrves  shown  In 
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Effect  of  temperature  on  fatigue  crack  growth  rates  In  polycarbona 


Figure  3.15  Effect  of  temperature  on  fatigue  crack  growth  rates  In 
b)  100  Hz. 


26 

Fi-ure  3.13a  vita  the  1  Hz  data  reported  by  Martin  and  Gerbcrich 
gives  good  agreei.ent  from  room  temperature  to  223  K.  Below  this 
temperature,  the  curves  diverge  yet  maintain  a  similar  trend  with 

teniperature . 

In  Figures  3.16-3.18,  da/dN  is  evaluated  at  an  arbitrarily 
chosen  AK  as  a  function  of  temperature  for  PC.  PSF  and  respec¬ 

tively.  A  characteri.stic  of  each  polymer  is  a  general  increase  in 
crack  growth  rates  with  increasing  temperature.  This  is  consistent 
with  the  normal  decrease  in  mechanical  properties  such  as  modulus 
and  strength  which  one  encounters  with  increasing  temperature.  It 
is  appropriate  to  mention  that  the  FCP  results  for  P>:MA  shown  in 
Figures  3.15  and  3.18  directly  contradict  those  published  by  Kurobe 
.nd  Wakashima^^*^^  who  reported  an  increase  in  crack  growth  rates 
with  decreasing  temperature.  Tliis  apparent  ananaly  may  be  ex¬ 
plained  by  the  basic  difference  in  testing  methods  between  the  two 
studies.  The  fatigue  testing  in  this  report  is  load  controlled 
while  Kurobe  and  Wakashima  utilized  constant  displacement  fatigue 
equipment.  With  decreasing  temperature  (300  K  to  225  K) .  the  mod¬ 
ulus  of  PUMA  rises  considerably.  If  the  loading  stroke  remains  con 
stant  as  temperature  is  decreased,  the  fatigue  specimen  will  fall 
sooner  at  lower  temperatures  due  to  effectively  higher  loads  being 

appli^ci. 

Closer  inspection  of  Figures  3.16-3.18  revealed  a  relative 
maximum  in  1  Hz  data  around  the  P  transition.  Since  the  P  peak 
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T  (K) 


3  16  crack  growth  rates  at  1  and  100  lU  as  a  function  of 
temperature  at  constant  AK  in  polycarbonate. 


da/dN  X 10^  (mm/cycle) 


18 


PMMA 


do/d  N  >  >  10 


Figure  3.18 


Crack  growth  rates  at  1  and  100  Hr,  as  a  funcr<nn  of 
temperature  at  constant  AK  in  iWlA. 
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h25  be.n  related  to  a  maxin'.um  in  creep,  the  creep  component  of  FCP 
will  be  larger  at  1  than  100  W?..  Simultaneously,  fatigue  testing 
at  100  HZ  should  generate  considerable  hysteretic  heating  and  re¬ 
sult  in  a  relative  dlmunition  in  FCP.  Consequently,  the  relative 
difference  in  FCP  at  this  temperature  as  a  function  of  test  fre¬ 
quency  (i.e.,  the  frequency  sensitivity  factor)  should  be  maximized. 

A  relationship  between  the  0-pcak  and  the  absolute  fatigue 
crack  growth  rates  in  PC  and  PSF  has  been  hypothesized  by  Gerberich 
and  Martin?^ llicy  obtained  good  correlation  between  da/dN  and 
a  minimum  in  the  integrated  E"  (Jr>dT  )  where  the  analysis  is 
based  on  the  assumption  of  a  100  K  rise  in  crack  tip  temperature 
at  1  Hz.  such  crack  tip  heating  is  conceivable  under  conditions  of 
rapid  fracture,  but  the  temperature  rise  at  1  Hz  should  be  negli¬ 
gible.  Attermo  and  Ostberg  reported  an  increase  in  crack  tip  tem¬ 
perature  in  PC  of  less  than  30  K  at  11  Hz.  At  1  Hz,  a  much  smaller 
rise  would  be  expected.  If  the  initial  assumption  of  a  100  K 
crack  tip  temperature  rise  in  unsupported,  the  remaining  analysis 
becomes  questionable  • 

3*3  Conclusions 

The  frequency  sensitivity  of  crack  growth  rates  in  polymers  is 
a  function  of  several,  sometimes  competing,  factors.  Based  on  results 
presented  in  this  chapter,  the  dominance  of  the  P  transition  is  ap¬ 
parent  with  frequency  sensitivity  being  at  a  maximum  where  the  p 
transition  at  room  temperature  occurs  in  tl^e  range  of  experimental 
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test  frequency.  This  correlation  between  P  jump  frequency  and  test 
temperature  is  convincingly  supported  by  fatigue  crack  propagation 
data  obtained  for  PIIMA.  PC  and  PSF  over  a  range  of  temperatures. 

This  behavior  may  be  reasonably  explained  in  terms  of  hysteretic 
heating  at  the  crack  tip  which  is  maximized  at  the  P  peak.  The 
resulting  crack  blunting  causes  a  drop  in  da/dN  which  is  believed  to 
be  responsible  for  the  observed  frequency  sensitivity  in  numerous 

polymeric  solids. 

waveform  studies  performed  on  a  variety  of  polymers  indicate 
the  only  effect  of  increasing  strain  rate  on  FCP  was  the  inducement 
of  a  minor  increase  in  crack  growth  rates.  This  was  related  to  a 
alight  crack  tip  temperature  rise  which  may  have  been  responsible 
for  aiding  creep.  Those  polymers  with  low  damping  or  crosslinked 
structures  were  insensitive  to  strain  rate  and  creep  crack  growth 
under  cyclic  loading. 

crack  grouch  rates  uerc  seen  to  bo  a  strong  function  of  tc»- 
paraturo.  FCP  tests  of  PMMh.  PSF.  and  PC  dnoonstrated  a  general  in¬ 


crease  in  crack  grouth  rates  ulth  temperature.  In  all  three  mate¬ 
rials,  a  maklmum  In  da/dN  at  low  tte<|ucncy  was  evident  near  the  P 
transition  temporaturc.  Ihls  Is  bellevnd  to  bn  minted  to  .  relative 
ecxlmu.  in  creep  mens  uhteh  is  usually  found  nenr  tbn  p  peak. 
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4.1.1  Tncroductlon 

0£  .11  polycric  .aterlala.  th.  .™l-er,.t.llin.  pl.attcs  of£.r 
Ihe  »o.l  desirable  »eeha„lcal  properrles.  Their  impressive  c»bina- 
rio„  of  high  strength  and  toughness  erceed  that  of  most  single  compo¬ 
nent  polymers.  Similarly,  the  FCP  response  of  crystalline  plastics 
such  a.  nylon  and  PVPF  arc  far  superior  to  typical  maorphous  poly- 
„rs‘  (see  Figure  1.2).  At  this  time  the  mechanisms  governing  FCP 
in  crystalline  polymers  are  not  clearly  understood.  It  is  believed 
that  the  strong  crystalline  spherulites  ploy  a  major  role  in  hinder¬ 
ing  crack  propagation.  Apparently,  much  energy  is  required  for  the 

initial  breakdoun  of.  spherulitc.  Once  deformed,  the  molecular  chains 

recombine  to  form  a  crystalline  structure  oriented  parallel  to  the 
load  direction.  The  manifestation  of  this  deformation  ^y  be  seen  in 
the  strong  vhitening  of  the  fatigue  fracture  surface.^’^"  Consider- 
able  resistance  to  crack  growth  should  be  encountered  when  such  a 
structure  is  present  Just  ahead  of  the  crack  tip.  Spherulitic  defor¬ 
mation  may  not  represent  the  only  mode  of  fatigue  crack  propagation 
in  crystalline  polymers.  In  a  study  of  FCP  in  polyethylene.  Andrews 
and  walker‘®  reported  evidence  which  suggested  that  both  Intercrys¬ 
talline  and  transcrystalline  mechanisms  of  crack  growth  may  be 
operable,  depending  on  the  crack  driving  force. 


cr.cU  prop»f..ao.  sPodtos  hpv»  been  pprfonped  on 
copn.0-.  crystplUnc  pol>™r.  pach  .s  Nylon  6,  Nylon  6.6.  PVDF.  PE. 
PbloPlnolod  polyoobcp,  and  polypropylene  boocver.  cracE  s-* 

data  in  polyacctal  (PA)  and  polytetraf Inorocthylene  ohid,  are  b.-^^ 
ueved  to  be  fattpoe  resistant  poly»ers  havo  not  been  pnbllshed. 

attempt  win  be  ..do  to  generate  FCP  data  in  two  c».ercial  PA 
PdSins.  the  ho^opolytaer  Belrin  and  the  copoly.er  Celcon  (eopoly.er- 

izcd  with  ethylene  oxide). 

4.1.2  Results  and  Discussion 

Fatigne'^prowu.  rates  as  a  fnnctlon  of  stress  intensity 
at  10  and  60  or  100  Hr  in  Celeon  and  Delrin  are  shown  in  Figaros  6.1 
and  6.2.  respeetlvely.  Note  in  Figare  26  the  good  agr.e.ent  between 
all  Celcon  data  and  Delrin  tested  at  50  and  100  Ha.  Due  to  the  low 
idrerent  toaghness  (K^)  and  the  strong  f.tigae  resistance  (low  da/ 
dN  for  a  given  610.  the  data  base  is  s.all.  It  one  ccepares  the 
fatigae  response  of  Delrin  to  PTOF  and  Nylon  6.6.  the  most  FCP 
resistant  polymers  identified  to  date,  (Figure  6.3).  the  superior¬ 
ity  of  polyacetal  at  a  low  da/dN  range  is  clearly  evident.  Ihrough 
comprehensive  studies  of  fatigue  crack  growth  in  common  engineering 
metals,  researchers  have  concluded  that  by  normaliting  6K  with 

respect  to  the  elastic  modalus.E.  crack  growth  data  for  all  metal- 

If  n  similar  comparison  is  made 
He  alloys  lie  on  the  same  curve.  If  »  »I»Iiar 

between  the  nommlired  fatigue  behavior  of  amtals  and  crystalline 
polder.  (Figure  6.6).  the  FCP  response  of  all  metals  is  seen  to  be 

far  inferior  to  crystalline  polymers. 
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4.2  Fatigue  crack  growth  rates  as 
in  Delrin. 


a  function  of  frequency 


da/dN,  mm/cycle 


Figure  4.3  Comparison  of  fatigue  crack  growth  rates  at  10  Hz  in 
Nylon  6,6,  PVDF  and  Dclrin. 


i 

1 
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da/dN,  mm/cycle 


By  Increa.inB  the  frequency  £ro„  10  to  lOO  Hr.  a  change  vas 
noted  in  the  slope  of  the  da/dN  vs  iH  curve  in  Delrin  (Figure  4.2) 
uhilc  Celcon  vas  unaffected.  This  result  contradicts  previous  FCP 
studies  of  crystalline  polymers  vhere  no  frequency  sensitivity  vas 
evident.  The  increased  slope  of  the  crack  grovth  rate-hK  plot  at 
hieh  test  frequencies  in  Delrin  appears  to  be  related  to  a  change 


in  the  mechanism  of  fatigue  crack  grovth.  At  the  higher  frequencies 

.  series  of  macrobands  perpendicular  to  the  direction  of  crack 

grovth  are  evident  vhlle  none  vere  observed  under  10  Hr  testing 
®  13  20  23 

conditions.  Similar  bands  have  been  seen  in  PS  andPVC  »  and 

have  been  attributed  to  a  discontinuous  crack  growth  process  with 
crack  advance  occurring  in  bursts  after  remaining  sessile  for  thou¬ 
sands  of  cycles,  (lliia  mechanism  will  be  discussed  in  greater  de¬ 
tail  in  Chapter  V.)  Evidence  for  a  discontinuous  crack  advance 
process  is  shown  in  Figure  A. 5  where  the  large  scatter  in  crack 
growth  rates  at  100  Hz  is  apparent.  This  is  compared  with  the  mono- 
tonic  increase  in  FCP  with  AK  for  the  Delrin  samples  tested  at  10  Hz 


vhere  no  fracture  bands  were  observed.  Since  the  increment  of  crack 
advance  following  each  stationary  period  was  comparable  to  the 
typical  increment  over  which  crack  extension  data  were  collected, 
one  would  expect  to  find  more  scatter  in  the  FCP  data.  Celcon 
exhibited  discontinuous  crack  growth  at  both  10  and  50  Hz  test 
conditions.  Note  the  excellent  correlation  between  Celcon  and  100 
HZ  Delrin  fatigue  data  (Figure  4.2).  (The  mechanisms  of  fatigue 
crack  propagation  In  PA  will  be  discussed  further  in  Chapter  V.) 
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4.2  rne  Effect  of  Molecular  Weight  on  FCP  and  Fracture  in 
and  PVC 

4.2.1  Introduction 

The  mechanical  properties  of  a  polymer  are  known  to  be  a  strong 

function  of  molecular  weight  (M)  and  molecular  weight  distribution 

(MWD).^^  These  tensile  properties  which  increase  with  M  tend  to 

reach  a  plateau  at  some  high  value  of  M.  The  tensile  strength  as 

well  as  the  fracture  energy  continue  to  increase  slightly  beyond 

50,51 

this  M  while  the  elastic  modulus  appears  to  remain  constant. 

At  present  the  effect  of  M  on  fatigue  crack  propagation  has 

not  been  evaluated  in  any  polymer.  Fatigue  life  studies  of  unnotched 

teat  bars  as  a  function  of  M  have  shown  a  dramatic  decrease  in  fa- 

5  —  5  29  30 

tigue  life  with  decreasing  M  in  PS  (1.6  x  10  <  <  8.6  x  10  ) 

and  PVC  (5  X  10^  <  <  2  X  10^).^^’^^  Unfortunately,  crack  growth 

rates  are  not  available  from  studies  of  the  type  referenced  above. 

An  attempt  will  be  made  to  evaluate  the  fatigue  response  of  PMM\  and 

PVC  as  a  function  of  M. 

4.2.2  Results  and  piscussion 

Fatigue  crack  growth  rates  in  PVC  as  a  function  of  AK  for 
ranging  from  225,000  to  60,500  arc  shown  in  Figure  4.6.  Analogous 
data  for  bulk  and  emulsion  polymerized  PMMA  over  the  range  in 
between  1  x  10^  and  8  x  10^  are  shown  in  Figures  4.7a  and  b,. 
respectively.  Although  the  growth  rate  curves  are  not  quite  linear, 
they  arc  generally  parallel  to  one  another.  Tl>e  continuous  shift  to 
higher  growth  rates  with  decreasing  M  in  both  PVC  and  PMMA  is  obvious. 
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Figure  4.7a  Fatigue  crack  growth  as  a  function  of  in  bulk  poly 
merized 
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Figure  4.7b  The  effect  of  M„  on  teClBue  cteck  grouch  races  In  omul 
sion  polymerized  PMM'v. 


These  results  can  also  be  depicted  by  comparing  da/dN  for  different 
values  of  M  at  an  arbitrarily  chosen  value  of  AK  (0.6  MPa  /H) .  The 
results  for  PMMA,  sho;^  in  Figure  4.8.  indicate  an  increase  in  da/dN 
rfth  decreasing  5^.  Below  -  2  n  10^  the  crack  growth  rate  tensi- 
tivity  to  M^  is  greatest.  Crack  growth  rates  vs  M  in  FVC  at  constant 
tK  are  shown  in  Figure  4.9.  A  change  of  nearly  3  orders  of  magnitude 
in  da/dN  is  apparent  over  the  range  of  M  tested.  In  both  PVC  and 

the  strong  relationship  between  da/dN  and  M  is  exponential  with 
da/dN  varying  with  exp  (1/M)  (Figure  4.10).  Although  the  effect  of 
M  on  da/dN  is  greatest  at  low  M.  it  persists  to  the  highest  process- 
able  values  of  M,  usually  above  the  point  where  static  properties 
are  relatively  insensitive  to  further  changes  is  M. 

Figure  4.8  also  shows  that  at  a  given  value  of  M,  emulsion 
polymerized  R-IMA  specimens  exhibit  higher  rates  of  crack  growth  than 
those  polymerized  in  the  bulk.  This  was  not  believed  to  be  related 
to  unsatisfactory  primary  particle  bonding  since  preliminary  inspec¬ 
tion  of  the  fracture  surface  revealed  no  evidence  of  decohesion 
along  original  particle  boundaries.  Often  the  emulsion  polymeriza¬ 
tion  process  leaves  small  amounts  of  emulsifier  in  the  bulk  polymer. 
It  is  possible,  however,  that  traces  of  diluent  can  deletcriously 
affect  crack  growth  rates. 

Values  of  K  were  considered  approximately  equal  to  calcu- 

c 

lated  from  the  last  stable  value  of  AK  prior  to  fast  fracture. 

These  data  arc  shown  for  PVC  and  PlM/i  in  Figure  4.11  and  4.12,  re¬ 
spectively.  Here  is  seen  to  increase  as  M  is  increased.  With 
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Figure  4.9 


Figure  4 .11  Effect  ot  M  on  tracEure' toughness  of  FVC. 


53 


n'C.  or..y  a  dccroasc  in  the  slope  of  she  K^-r^.  =»rvo  is  evi¬ 

dent  as  all  poly»ers  tested  ere  still  on  tl.e  rapidly  rising  portion 
of  the  curve.  IWf'.  however,  demonstrates  a  levellng-off  of  tough¬ 
ness  above  -  10^  From  Figure  4.13,  It  may  be  seen  that  values 
e,  fracture  energy  obtained  for  all  TOIA  specimens,  regardless  of 

method  of  preparation,  show  a  similar  trend. 

These  data  are  also  in  agreement  with  those  published  by  Berr? 
end  Kusy  and  Turner.^°’=’  »ote  again  that  although  is  relatively 
Ihsensitive  to  H  above  -  2  *  FCr  rates  continue  to  decrease 

by  an  order  of  magnitude. 

The  effect  of  M  on  and  FCF  rates  must  now  be  explained  in 
more  detail.  It  Is  generally  accepted  that  crack  growth  in  PVC  and 
P»U  as  well  as  most  glassy  polymers  is  almost  always  preceded  by 
some  crate  growth.  It  is,  therefore,  the  stability  of  the  craze  ahd 
not  the  properties  of  the  hulk  material  which  should  determine  the 
FCP  response  of  a  polymer.  In  1964,  Berry”  suggested  that  a  stable 
crate  would  develop  if  the  molecular  weight  were  sufficiently  hlgh^ 
for  molecular  chains  to  span  the  crate.  Similarly.  Cent  and  IhomaS 
reported  that  the  development  of  strength  and  toughness  can  only 
occur  when  11  exceeds  a  critical  value  for  chain  entanglements. 
Kanbour*'  concluded  that  some  higher  level  of  H  (2  x  10  In  PHMA) 

1.  required  to  produce  maximum  crate  stability.  Both  statements 
are  In  agreement  with  the  observation  by  Fellers  and 
values  of  M  lead  to  weak  crates  In  PS.  Martin  and  Johnson 
noted  an  Increase  In  crate  thickness  (an  indicator  of  greater  crate 
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13  Effect  of  M  on  fracture  energy  o 
obtained  by  other  Inveetlgatora . 


Atability)  with  M  in  PVC. 

Recently.  «cid»»nn  end  Doll“  and  Rnsy  and  Tnrncr^"  have  given 
further  support  to  Berry’s  hypothesis  that  crate  stability 
uted  to  the  ability  of  molecular  chains  to  span  the  crarc  at  the 
crack  tip.  uclllnghotc  and  Bacr“  have  sho.n.  that  only  a  S.V.11 
fraction  of  high  M  polymer  (long  chains)  can  greatly  enhance  the 

spanning  of  crates.  Houever.  the  concept  of  complete  extension  of 

iryrt  thn  cTAZc  has  been  found  by  Kauscu 
single  molecular  chains  spanning  the  crare 

to  bo  aomcuhat  unrealistic.  He  concludes  that  crates  are  spanned  by 
anil.  c<-prlsed  of  many  entangled  molecular  chains.  At  high  molecu- 
lar  weight,  the  colls  contain  more  entanglamcnts .  In  static  fracture 
teats,  the  improvement  of  with  M  will  tend  to  saturate  when  fur 
thor  entanglements  do  not  ™asuraably  strengthen  the  craze. 

While  the  above  argument  may  rationalize  the  leveling  off  of 
fracture  properties  with  Increasing  M.  the  continuous  Improvement  In 
POP  behavior  with  H  has  not  been  explained.  One  may  hypothesize 
that  the  nature  of  fatigue  loading  may  tand  to  disentangle  progres¬ 
sively  e  molecular  network.  Therefore,  a  low  H  polymer  with  few 
entanglements  should  disentangle  most  readily  and  as  a  result  lead 
to  premature  craze  breakdown;  this  in  turn,  would  lead  to  acceler¬ 
ated  fatigue  crack  propagation  rates.  Conversely,  a  high  M  polymer 
with  many  entanglements  should  offer  superior  roslstautc  to  eny 
disentanglement  which  m-ny  occur  during  cyclic  loading.  Consoduent- 

ly,  crack  growth  rates  should  decrease. 

prom  the  previous  discussion,  the  imporesnee  of  M  on  fatigue 
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cr»ek  growth  r,tcs  is  closrly  evident.  This  cfJect  is  so  sroat  that 
changes  in  M  can  overshadou  the  Inherent  variation  in  FCP  properties 


in  different  polymers. 


4.3  The  Effect  of  Plasticizer  on 
of  PVC  and  rMMt'i 
4.3.1  Introduction 


the  Fatigue  and  Fracture  Properties 


The  role  of  plastlciter  content  on  the  cyclic  response  of  poly¬ 
meric  solids  is  ataost  nnhno™.  Only  In  two  studies  has  the  effect 
of  plastlciter  on  FCP  been  examined.  Sutukl  et  have  shoun  that 

fatigue  crack  growth  rates  at  low  test  frequency  in  PVC  increased 
with  dloctyl  pthalatc  (OOP)  content.  Hanson  and  Herttberg  reported 
similar  results  in  nylon  plasticized  with  H^O. 

4.3.2  kesults  and  Discussion  of  ExHHill 

The  effect  of  OOP  on  the  FCP  response  of  PVC  was  quite  surpris¬ 
ing.  Figure  4.14  shoos  that  .  change  in  OOP  content  from  0  to  13% 
produces  a  mlninvl  change  in  crack  grooth  rates.  It  is  important  to 
note  that  these  data  contradict  those  reported  by  Sutuki^^  who  found 
a  significant  Incteasc  in  da/dN  vhon  DOP  was  increased  from  0  to  20%. 
Hhlle  the  reason  for  this  discrepancy  is  not  known,  the  test  by  Suz¬ 
uki  were  perfonsed  at  a  frequency  of  0.25  Uz.  much  lower  than  the 
10  HZ  used  in  this  study.  It  is  known  that  an  Increase  in  DOP  con¬ 
tent  decreases  the  Tg  while  Increasing  damping  and  on  Increase  in 
the  viscoelastic  nature  of  deformation  in  PVC.  Conceivably,  with 
increasing  %  DOP,  localized  crack  tip  heating  ».iy  occur  at  the 
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Figure  A. 14 


Fatigue  crack  growj^lj  rates  in  FVC  as  a  function  of 
M  and  percent  DOP. 


hizher  frequency  which  will  lead  to  crack  tip  blunting  and  lower 
crack  growth  rates.  Ibis  effect  may  mask  any  real  decrease  in 
fatigue  strength  which  may  occur  by  diluting  the  polymer  network. 

While  FCP  tests  at  a  frequency  of  10  Hz  were  easily  performed 
at  DOP  contents  from  0  -  13Z,  no  FCP  data  were  obtained  from  speci- 
„«ns  containing  2Cr4  DOP.  The  sensible  crack  tip  heating  and  blunt¬ 
ing  caused  crack  growth  to  cease  after  some  minor  crack  advance. 
Apparently,  the  low  Tg  and  high  damping  of  heavily  plasticized  PVC 
causes  excessive  hysteretic  heating  at  even  moderate  frequencies- 

The  effect  of  1.  DOP  on  is  rather  complex-  At  67.  DOP,  PVC 
suffers  a  massive  drop  in  toughness  at  all  molecular  weights  (Fig¬ 
ure  4.15).  This  embrittling  effect  of  DOP  closely  parallels  the 
antiplastlcizer  effect  wherein  small  concentrations  of  plasticizer 
are  believed  to  inhibit  segmental  mobility  by  filling  free  volume 
and  increasing  polymer  stiffness  while  simultaneously  decreasing 
toughness. When  DOP  content  is  increased  to  137.,  is  only 
slightly  reduced  from  the  unplasticized  specimens  (Figure  4 .15) . 

This  minimal  effect  may  reflect  a  slight  dilution  of  the  PVC  net¬ 
work. 

4.3.3  Results  a_nd  Discussion  oJ_  Internal  Plasticization  ^ 
BA-PMMA  Copolymers 

The  FCP  response  of  FMMA  internally  plasticized  (copolymerized) 
with  butyl  acrylate  (BA)  is  quite  apart  from  the  externally  plas¬ 
ticized  PVC  results  discussed  earlier.  From  Figure  4.16,  increasing 
amounts  of  BA  in  (at  constant  H^)  is  seen  to  have  a  pronounced 
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but  cor.plex  effect  on  fatigue  crack  growth  rates.  As  7,  BA  is  in¬ 
creased  initially,  growth  rates  approach  a  maximum  while  toughness 
is  lowest  at  approximately  807.  IIMA-BA.  Upon  increasing  BA  to  ZO’L, 


the  FCP  growth  rates  decreased  for  any  given  AK  level  while  the 
toughness  became  superior  to  values  associated  with  the  unplasti- 
cized  material.  A  comparison  of  this  copolymer  with  commercially 
available  PMMA  Indicates  similar  fatigue  and  fracture  properties. 
Although  it  is  unlikely  that  commercial  IWMA  contains  307,  of  some 
copolymer,  clearly  it  is  not  pure  homopolymer.  A  study  of  the 
slopes  of  the  growth  rate  curves  shows  no  definite  trend  as  a  func¬ 
tion  of  BA.  As  was  noted  in  PVC,  above  a  certain  plasticizer  con¬ 
tent.  307,  BA,  fatigue  crack  growth  was  not  experienced  and  was 
believed  to  be  due  to  the  observed  localized  heating  and  presumed 


crack  tip  blunting.  Total  crack  growth  in  these  specimens 


negligible- 

The  fatigue  response  of  BA-MMA  copolymers  indicates  the  possi¬ 
bility  of  several  competitive  fatigue  processes.  Since  values  of 
damping  (tan  6)  are  unchanged  up  to  207,  BA  (see  Table  Ill),  the 
differences  in  FCP  at  low  BA  must  be  related  to  changes  in  the 
mechanical  properties  rather  than  thermal  softening.  Consequently, 
at  low  BA  contents,  increasing  BA  improves  ductility  at  the  expense 
of  strength.  Tl^is  effect  would  be  consistent  with  the  tendency  of 
molecules  with  large  c ffectivc  cross-sectional  areas  to  be  weaker 
than  tl>ose  which  are  smaller As  7.  BA  is  further  increased,  crack 
blunting  due  to  controlled  localized  thermal  softening  decreases 
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da/dN  and  increases  apparent  toughness.  At  still  higher  BA  contents, 
thcrr.al  softening  prevents  any  stable  fatigue  crack  gro-.^th. 

4.4  The  Effect  of  Crosslinking  on  F_atjj;iuc  Crack  Propagatio_n  jjl 

Epoxies 

4.4.1  introduction 

With  increasing  interest  being  directed  toward  naterial.s  with 
high  strength  and  modulus  but  low  density,  the  crosslinked  polymers 
are  receiving  renewed  attention.  Of  greatest  importance  arc  the 
heavily  crosslinked  epoxies.  They  arc  used  most  often  in  adhesive 
joints  or  composite  matrices  where  their  low  inherent  toughness  is 
not  necessarily  detrimental. 

The  mechanical  propertic.s  of  crosslinked  materials  have  been 

related  to  the  crosslink  density  or  molecular  distance  between  cross 

links  (M  ).  While  the  elastic  modulus  and  strength  reach  a  maximum 
c  54,55 

at  the  smallest  the  toughness  reaches  a  minunum. 

The  FCP  response  of  crosslinked  polymers  has  received  little 
attention.  Hertzberg  and  Manson^  reported  the  FCP  response  of 
linear  PS  to  be  son,ewhat  superior  to  CLPS.  Ihe  crosslinks  in  CLPS 
were  believed  to  reduce  the  capacity  of  PS  to  craze.  Without 
crazing  as  a  mechanism  of  energy  dissipation,  crack  growth  rates  in¬ 
creased.  It  has  been  reported  that  crack  growth  rates  in  uncross- 
linkcd  polymers  arc  seen  to  vary  with  a  linear  function  of  AK^  and 

also  sensitive  to  mean  stress.”  Tomkins  and  Biggs  have  indi¬ 
cated  the  possibility  of  limited  crazing  preceding  crack  grovtU. 
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The  effect  of  on  FCP  is  completely  unknown. 

4,4.2  Re suits  and  Discussion 

Figaro  4.17  shows  tho  effect  of  crossUnking  density  (M^)  on 
crack  growth  rates  in  methyl  dianilino  cured  epor.ies  (see  Appendix  II 
for  details  of  sample  prep.nr.ntlon) .  Note  the  constant  shift  to  higher 
crack  growth  rates  with  Increasing  epoxy  content  (decreasing  M^) . 

The  most  unusual  aspect  of  these  growth  rate  curves  are  the  exceeding¬ 
ly  high  slopes  (7.7  to>  20)  (Figure  4.18).  Closely  paralleling  the 
fatigue  behavior  is  toughness,  K^,  which  shows  a  continuous  increase 

with  decreasing  epoxy  content  (Figure  4.19). 

considering  the  improvement  in  fatigue  properties  which  occurs 
with  increasing  a  correlation  between  molecular  chain  mobility 

and  fatigue  resistance  may  exist.  Given  that  some  plastic  deformaticn 
at  the  crack  tip  is  required  for  FCP  in  any  material,  those  materials 
which  offer  the  greatest  energy  dissipation  during  deformation  should 
exhibit  the  most  resistant  fatigue  behavior.  Clearly,  a  low  pro¬ 
duces  a  tightly  constrained  structure  intolerant  of  plastic  deforma¬ 
tion.  Under  these  conditions,  the  crack  tip  is  believed  to  be  quite 
sharp  inducing  a  high  effective  AK  and  consequently  crack  growth 
rates  when  subjected  to  cyclic  loading.  Conversely,  as  is  in¬ 
creased  and  the  structure  assumes  that  of  a  nearly  linear  polymer, 
the  loose  molecul.-.r  network  permits  greater  molecular  flow.  With 
increased  capacity  for  energy  dissipation  and  crack  tip  yielding,  the 
effective  AK  and  da/dN  should  drop.  The  increase  in  plastic  deforma¬ 
tion  with  increasing  is  apparent  by  inspection  of  the  fracture 
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Figure  4.19  Effect  of  nminc:epoxy  ratio  on  the  toughness  of  serie 
A  epoxies. 
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surface  where  a  gradual  roughening  with  is  noted. 

Tne  continuous  increase  in  toughness  with  also  seems  consis¬ 
tent  with  the  previous  argument.  Increasing  the  capacity  for  plastic 
deformation  should  enhance  the  total  fracture  energy;  consequently, 
toughness  should  rise.  However,  these  data  contradict  those  pub¬ 
lished  by  Selby  and  Miller^^  which  showed  toughness  to  reach  a  maxi- 
Tnum  at  an  intermediate  No  rationalization  can  account  for  this 

discrepancy . 

Figure  4.20  shows  the  effect  of  distribution  on  crack  growth 
in  epoxies  where  the  average  was  maintained  at  stoichiometry 
(M  -  326).  Note  that  no  clearly  discernible  trend  in  crack  growth 
rates  or  toughness  is  evident.  Since  the  Me  distribution  may  be  of 
insufficient  width  to  produce  a  real  effect,  the  importance  of  this 
variable  in  controlling  fatigue  resistance  is  not  yet  clearly  under- 

Stood. 

4 ,5  Conclusions 

1.  the  fatigue  response  of  polyacetal  was  found  to  be 
superior  to  all  known  polymers.  A  slight  frequency 
effect  related  to  a  fracture  mode  transition  was 
evidenced  by  an  increase  in  the  slope  of  the  crack 
growth  rate  curve  with  increasing  frequency. 

2.  Both  fracture,  toughness  and  fatigue  response  in 

both  PMMA  and  PVC  were  affected  by  changes  in 

molecular  weight.  While  toughness  was  increased  by 

3 

a  factor  of  2.5,  da/dN  decreased  by  10  with 
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increasing  M  over  the  same  M  range.  A  similar  but  lesser 
effect  was  noted  in  PMMA.  Apparently,  static  properties 
such  as  toughness  reach  a  limiting  value  when 
increase  in  the  extent  of  chain  entanglements  does  little 
to  increase  the  strength  of  the  craze  preceding  the 
crack.  Under  cyclic  loading  conditions,  the  molecules 
spanning  the  craze  will  beccxnc  disentangled.  By 
increasing  the  number  of  entanglements  at  high  M, 
disentanglement  is  partially  suppressed;  consequently, 
da/dN  is  lower. 

3.  The  effect  of  plasticizer  content  on  the  fatigue  and 
fracture  properties  of  externally  plasticized  PVC  (with 
OOP)  and  internally  plasticized  PMMA  (BA  copolymerized 
PMMA)  were  dissimilar.  Except  for  a  reduction  in  tough¬ 
ness  in  PVC  at  67.  DOP,  an  external  plasticizer  had 
relatively  little  effect  on  or  FCP  in  PVC.  With 
increasing  BA  contents  in  PMMA  crack  growth  rates 
increased  while  toughness  decreased.  At  307.  BA,  the 
FCP  response  and  toughness  had  improved.  This  behavior 
was  explained  in  terms  of  interrelated  mechanical  and 
thermal  processes. 

4.  A  decrease  in  was  seen  to  increase  da/dN  and  decrease 
toughness.  One  may  speculate  that  the  increase  in 
structure  rigidity  incurred  at  low  is  Incapable  of 
enduring  large  scale  plastic  deformation.  With  any 
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cyclic  loading,  the  crosslinked  crack  tip  network  is 
damaged.  FCP  is  then  enhanced. 
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V.  Fati;iuc  Fracture  Sur  face  Ana  lys  1  s  of  Pol^.ers 


Considerable  effort  has  been  directed  toward  the  identification 

of  fatigue  fracture  mechanisms  through  fracture  surface  analysis- 

Much  of  this  work  had  been  perfonmed  previously  under  monotonic 

34 

loading  conditions.  Such  researchers  as  Kambour  and  Hurray  and 
35-37 

Hull  demonstrated  the  importance  of  crazing  and  craze-crack 

interactions  in  the  static  fracture  of  PS-  However,  less  emphasis 
has  been  placed  on  mechanistic  studies  of  fatigue  fracture-  Yet  to 
understand  why  one  polymer  is  more  fatigue  resistant  than  another, 
requires  additional  infomation  about  the  actual  fracture  processes 
in  each  material.  One  of  the  most  useful  methods  of  analyzing 
these  mechanisms  has  been  through  the  interpretation  of  morphologi¬ 
cal  features  observed  in  fatigue  fracture  surfaces.  Transmission 
and  scanning  electron  microscopes  are  used  extensively  for  this 


purpose . 


Several  previous  studies  of  fatigue  fracture  surfaces  in  glassy 

1  13  20 

polymers  have  shown  the  presence  of  many  different  markings.^  *  * 

23  68—77 

*  The  best  understood  of  these  are  the  parallel  striations, 
oriented  perpendicular  to  the  direction  of  crack  growth,  which  in¬ 
crease  in  size  with  increasing  stress  intensity  factor  range.  \^hcn 
the  width  of  these  bands  were  compared  with  the  macroscopic  crack 


growth  rate  (measured  along  the  specimen  surface)  in  polycarbonate, 
good  correlation  was  noted^  Therefore,  one  fracture  band  must  have 
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been  foraod  durin"  each  load  cycle,  thereby  reflecting  the  total 
crack  front  advance  as  a  result  of  each  load  excursion.  Under  these 
conditions,  it  has  become  common  practice  to  refer  to  these  mark¬ 
ings  as  striations. 

These  fatigue  striations  become  smaller  and  eventually  dis¬ 
appear  as  one  moves  back  toward  the  origin  of  crack  growth  (i.e., 

smaller  crack  sizes  and  lower  AK  levels).  At  very  low  AK  levels, 

13, 

the  fracture  surface  appearance  becomes  smooth  and  mirror- like.  * 


In  this  region  another  scries  of  parallel  markings  becomes 
evident.  Like  the  fatigue  striations,  these  bands  are  also  per¬ 
pendicular  to  the  direction  of  crack  growth  and  increase  in  size 
with  increasing  AK.  However,  a  comparison  of  the  band  spacing  and 
the  macroscopic  crack  growth  rate  reveals  that  each  band  was  not 
formed  during  one  load  cycle  but  rather  over  hundreds  or  even  thou¬ 
sands  of  load  excursions.  The  mechanism  for  the  formation  of  these 

bands  has  been  shot/n  to  involve  a  discontinuous  crack  growth  process 

13  20  71 

with  craze  formation  playing  a  dominant  role.  *  ’  These  mark- 

20  13 

ings  have  been  found  in  PVC,  PS,  and  PS-PU,  all  uncross  linked 

glassy  polymers  with  a  strong  propensity  for  crazing.  It  has  been 

suggested  that  the  width  of  these  bands  represents  the  size  of  the 

local  plastic  zone  ahead  of  the  crack  tip.  *  '  Employing  the 

Dugdale^®  plastic  zone  model,  a  yield  strength  was  inferred  which 

13,23 

agreed  well  with  the  reported  craze  stress  for  the  material. 

A  further  discussion  of  this  analysis  will  be  given  later. 
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Fatigue  fracture  surface  analysis  of  crystalline  poly-ers  is 
coiaplicated  by  the  two  phase  structure  comprised  of  both  crystal¬ 
lites  and  amorphous  regions.  However,  some  evidence  of  the  pres¬ 
ence  of  fatigue  striations  in  nylon  has  been  reported  by  Manson  and 
Hertzberg^  and  Tomkins  and  Biggs?^  In  studies  of  FCP  in  PE  at  low 
growth  rates,  Andrews  and  Walker^®  found  crack  growth  to  progress 
by  a  transsphcrulitic  mechanism.  With  increasing  AK,  crack  advance 
became  interspherulitic  indicating  the  weakness  of  the  spherulite  - 
spherulite  boundaries  under  more  extreme  loading  conditions.  Only 
one  known  paper  by  Crawford  and  Benham^  discusses  the  appearance  of 
the  fatigue  fracture  surface  of  PA.  They  reported  the  presence  of 
many  regions  of  irregular-shaped  striations  or  ripples.  Since  their 
width  (200-500  is  about  the  same  as  the  dimension  of  a  typical 
lamellae  in  a  crystalline  spherulite,  interpretation  of  these  mark¬ 
ings  as  striations  is  open  to  question  without  macroscopic  crack 
growth  rate  information. 
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3 . 2  Results  and  Pi ^cu^nion 


5.2.1  Macroscopic  Evidence  of  Discontim.ous  Gro^  Ban^ 

At  low  AK  levels  in  glassy  polymers  with  Hv  «  2  x  10^  the 
characteristic  macroscopic  appearance  of  the  fatigue  fracture  sur¬ 
face  is  smooth  and  mirror- like  as  shown  in  Figure  5.1.  A  higher 
nugnification  of  these  regions  (Figure  5.2)  reveals  hundreds  of 
parallel  bands  lying  perpendicular  to  the  direction  of  crack  growth. 
These  bands  are  found  in  PVC,  PC.  PSF,  PS  and  low  PMMA  (sec  be¬ 
low  for  discussion  of  effects  of  M  on  band  formation).  The  fracture 
surface  of  PA  is  considerably  rougher;  however,  similar  fracture 
surface  markings  are  evident  (Figure  5.3).  In  each  polymer,  the 
band  size  increases  monotonically  with  AK.  From  Figure  5.4,  it  is 
evident  that  this  increase  follows  a  second  power  relationship  for 
PVC,  PMMA,  PS,  and  PA  throughout  the  AK  range  where  the  bands  exist. 
For  the  case  of  PC  and  PSF,  the  data  conform  to  a  second  power  cor¬ 
relation  only  over  a  small  AK  range.  This  deviation  occurs  simul¬ 
taneously  with  a  transition  in  the  fracture  surface  appearance  from 
smooth  to  a  rough  texture  as  shown  in  Figures  5.1b  and  c.  During 
crack  growth  the  rough  region  associated  with  multiple  crazing  (in 
^ich  the  main  crack  Jumps  from  one  craze  to  another)  is  observed 
to  lag  behind  the  smooth  region  as  shown  schematically  in  Figure 
5.5.  This  perturbation  of  the  crack  front  profile  may  be  respon¬ 
sible  for  hindering  the  development  of  each  band  and  as  a  conse¬ 
quence  may  cause  the  observed  complex  dependence  of  band  size  on 
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FiKure  5.1  Fracture  surfaces  of  a)  poly (vinyl  chloride),  b)  poly¬ 
carbonate,  c)  polysulfone,  d)  polystyrene  and  c)  poly( 
methyl  methacrylate). 
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in  ?C  and  PSF . 

It  was  suggested  previously  in  studies  of  PS  and  PVC, 
that  the  band  size  represents  the  extent  of  stable  craze  development 
ahead  of  the  crack  tip.  Assuming  the  craze  dimension  to  be  equal 
to  the  crack  tip  plastic  zone  length  (ty).  one  may  infer  an  apparent 
yield  strength  (a„)  (presumably  a  constant  value)  at  different 

78  .  .  j  ,80-82 

levels  through  the  use  of  the  Dugdalc  plastic  strip  model 
which  yields  the  following  equation: 


Figure  5.6  shows  the  inferred  yield  strength  calculated  for  PS  at 
different  AK  values^^  This  quantity  is  observed  to  be  relatively 
invariant  over  a  considerable  AK  span  with  all  data  falling  within 
the  range  of  reported  craze  strength  values.  Of  the  data  plotted 
in  Figure  5.6,  those  marked  by  open  points  were  determined  from 
100  HZ  test  specimens  and  the  two  solid  points  were  evaluated  at 
10  Hz.  Note  the  minor  effect  of  cyclic  strain  rate  on  craze  stress 
This  behavior  is  in  agreement  with  the  low  sensitivity  of  craze 
stress  to  changes  in  static  tensile  strain  rate?^  It  is  to  be 

noted  that  all  data  lie  considerably  below  values  reported  for  ho¬ 
mogeneous  shear  yielding.  Since  PS  crazes  before  general  yielding 
under  tensile  loading  conditions,  this  result  seems  reasonable. 
Similar  measurements  and  calculations  were  made  for  FV'C,  PMMA,  PC, 
and  PA  (both  Cclcon  and  Delrin),  taking  band  size  values  from  the 
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polystyrene  as  reported  in 


Tncse  results 


linear  porctnns  of  the  curves  in  Figure  5.^. 

are  tabulated  along  with  reported  triaxial  yield  strength  data  in 
Table  5.1.  Again  good  agreement  is  noted.  On  initial  reflection, 
it  is  surprising  to  find  good  agreement  between  craze  strengths  ob¬ 
tained  from  a  tensile  test  and  those  reported  here  under  fatigue 
conditions  at  relatively  high  frequencies.  It  should  be  pointed 
out,  however,  that  the  fatigue  crazes  associated  with  DG  band  for¬ 
mation  grow  to  their  stable  length  only  after  many  cycles.  As  such, 
the  effective  strain  rate  is  actually  low.  The  triaxial  yield 
strength  seems  to  be  a  more  accurate  representation  of  the  yielding 
process  at  the  crack  tip  at  low  K  values  where  the  plastic  zone  is 
small  and  plastic  constraint  and  tensile  triaxiality  are  at  high 

levels. 

Although  the  macroscopic  appearance  of  these  crack  growth 
bands  are  geometrically  similar  to  fatigue  striations  which  are 
formed  during  one  load  excursion,  crack  growth  measurements  in¬ 
dicate  that  many  cycles  were  required  to  allow  the  crack  to  prop¬ 
agate  through  each  band.  In  dividing  the  band  width  by  the  macro¬ 
scopic  FCP  rate,  it  is  seen  that  for  the  test  conditions  employed 
in  this  study,  up  to  75,000  (for  PA)  cycles  were  necessary  to  ad¬ 
vance  through  a  distance  equal  to  the  band  width  (Figure  5.7). 

The  recognition  that  such  bands  exist  in  these  six  materials 
bears  directly  on  failure  analyses  of  components  made  from  these 
polymers.  If  such  bands  were  observed  and  misinterpreted  as  fatigue 


107 


TABLE  5.1  YIELD  STRENGTHS  OF  POLYIERS  INV'ESTIGATED 


Mean  Inferred 
Yield  Strength 

Polymer  (Standard  Deviation) 

(MPa) 


Reported  Plane 
Strain  Yield  Strengtl 
(MPa) 


PC 

81 

(3.6) 

61 

-82»" 

PVC 

(ccxrancrcial) 

51 

(3.1) 

47 

.65®^ 

(suspension 
polymerized)  07»  DOP 

70.6 

(6.4) 

II 

M 

"  67.  DOP 

II 

55 

not  available 

"  3Z  DOP  37 

PSF 

79 

(1.5) 

67 

o 

00 

o 

00 

1 

PS 

38 

(1.84) 

3872.83 

PMMA 

(molded  resin) 

(bulk  polymerized) 

73 

81 

(2.9) 

(0.95) 

83»" 

(emulsion  poly¬ 
merized) 

87 

(1.4) 

PA 

Celcon 

Delrin 


89.6 

99. 


89 

97 


85 

85 


N,  cycles/band 


AK,  MPavAri 

FiRurc  5.7  Effect  of  AK  level  on  the  number  of  cycles  required 
for  growth  through  a  discontinuous  growth  band. 

109 


srriarioas,  one  nught  conclude  incorrcccly  that  most  of  the  fatigue 
life  was  consumed  during  fatigue  initiation  with  only  a  few  cycles 
involving  FCP.  In  fact,  this  conclusion  would  underestimate  the 
propagation  stage  of  the  fatigue  life  by  more  than  three  orders  of 
magnitude  in  the  amorphous  polymers  and  by  almost  five  orders  of 
magnitude  in  PA.  For  this  reason,  it  is  extremely  important  to 
examine  the  micromorphological  differences  between  these  two  mark¬ 
ings. 

5.2.2  Mirromornhologv  of  niscoatinuous  Grow^  Ban^ 

A  higher  magnification  of  tlie  discontinuous  growth  bands  shows 
a  distinctive  morphology’  common  to  all  amorphous  polymers  tested. 

From  Figure  5.8,  the  surface  of  each  band  is  seen  to  contain 
microvoids,  decreasing  in  size  in  the  direction  of  crack  growth. 

In  a  previous  study  of  these  markings  in  PVC,  Hertzberg  and  Manson^^ 
showed  these  bands  to  be  formed  by  a  discontinuous  crack  growth 
process  shown  schematically  in  Figure  5.9a.  It  was  concluded  that 
under  cyclic  loading  conditions,  a  single  craze  would  grow  to  a 
s’table  limiting  size  characterized  by  the  Dugdale  plastic  strip 
dimension,  n.e  crack  was  then  envisioned  to  propagate  rapidly  to 
the  tip  of  the  weakened  craze.  The  rapid  fracturing  of  the  craze 
would  occur  by  a  void  coalescence  mechanism  with  the  void  size  dis¬ 
tribution  reflecting  the  internal  structure  of  the  craze  just  prior 
to  crack  extension,  as  determined  by  the  crack  opening  displace¬ 
ment  distribution  at  the  craze  tip.  Blunting,  represented  by  the 
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Figure 


.8  Fractographs  of  discontinuous  growth  bands  in  a)  PVC, 
b)  PC,  c)  PSF,  d)  PS  (SEM  micrographs)  and  e)  PMMA 
(TEM  micrography^  Direction  of  crack  propagation 
given  by  arrow. 


Ill 
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5.8  continued. 
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;aph  of  PVC  showing  position  of  craze  (>>)  and  crack  (^)  tip  at  given  inter- 


strercn  zc-no  followins  each  band  and  crack  arrer.t  would  occur  when 
the  crack  reached  homogeneous  uncrazed  material.  This  discontinu¬ 
ous  crack  growth  mechanism  was  confirmed  during  the  fatigue  test 
by  observations  of  crack  tip  jumping,  which  occurred  intermittently 
after  the  crack  tip  remained  stationary  for  several  hundred  load¬ 
ing  cycles  (Figure  5.9b).  In  low  plasticized  PVC  each  jump  was 
accompanied  by  a  slight  but  audible  "click"  which  confirmed  the  oc¬ 
currence  of  a  discontinuous  cracking  process. 

The  previous  discussion  provided  a  generalized  view  of  the 
discontinuous  crack  growth  mechanism.  A  more  complete  analysis  of 
crack  growth  through  a  craze  is  now  required  to  describe  certain 
variations  in  discontinuous  growth  band  (DGB)  morphology.  All 
polymers  examined,  and  especially  PS  and  PVC,  showed  a  narrow  re¬ 
gion  of  coarser  microvoids  immediately  preceding  the  stretch  zone 
(i.e.,  at  the  end  of  the  DGB).  Close  examination  reveals  this  re¬ 
gion  to  be  comprised  of  intermediate  sized  voids.  It  is  believed 
that  the  presence  of  these  voids  reflect  changes  in  the  rate  of 
crack  growth  through  the  craze.  The  velocity  of  crack  penetration 
of  the  Initial  portion  of  the  craze  is  quite  high  due  to  the  low 
energy  needed  to  fracture  a  region  consisting  predominantly  of 
large  voids.  As  the  crack  approaches  the  end  of  the  craze  where 
the  void  size  diminishes  and  the  craze  becomes  more  dense,  addi¬ 
tional  energy  would  be  required  for  failure.  This  should  result 
in  a  decrease  in  crock  velocity  prior  to  blunting,  thereby  provid- 
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ins  additional  time  for  void  coalescence  at  the  end  of  each  band. 
This  rcsion  is  most  prominent  in  PVC  and  PS  in  which  craz.es  develop 

readily. 

Another  aspect  of  DGB  morphology  relates  to  the  position  of  the 
largest  voids  in  each  band  which  should  correspond  to  the  region  of 
maximum  tensile  triaxiality.  From  Figure  5.8,  these  voids  were 
found  in  all  polymers  at  distances  of  from  1/6  to  1/3  of  the  band 
width  from  the  origin.  For  an  infinitely  sharp  crack,  maximum  tri¬ 
axiality  will  exist  at  the  crack  tip.  Since  blunting  occurs  after 
craze  fracture  during  discontinuous  crack  growth,  the  crack  tip  ra¬ 
dius  is  most  certain  finite.  From  the  results  by  Creager  and  Paris, 
it  can  be  shown  that  the  region  of  maximum  triaxiality  will  move 
further  away  from  the  crack  tip  the  greater  the  crack  tip  radius. 
Hence,  the  greatest  void  size  should  also  occur  away  from  the  end 
of  the  stretch  zone  (i.e.,  the  crack  tip).  While  no  attempts  to 
measure  crack  tip  radii  were  made  in  this  study,  it  is  interesting 
to  note  that  the  tougher  polymers,  PSF  and  PC,  which  should  exhibit 
appreciable  blunting,  showed  maximum  void  diameters  furthest  from 

the  DGB  origin. 

An  additional  variant  in  DGB  morphology  was  found  in  PVC  at 
high  growth  rates  Just  before  fracture.  As  shown  in  Figure  5.10a, 
the  last  five  bands  contained  smaller  parallel  markings  located  to¬ 
ward  the  end  of  each  DGB.  The  morphology  of  these  bands  (Figure 
5.10b)  is  indicative  of  crack  jumping  from  one  craze  interface  to 
another.  Similar  fracture  markings  were  reported  by  Murray  and 
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(a)  SEM  fractogrnph  revealing  presence  of  smaller 
parallel  bands  within  bands  nearest  the  final  stable 
crack  front  location.  (b)  Note  evidence  of  crack 
Jumping  between  craze  interfaces  in  the  layered 
structure  of  the  bands. 


This  PVC  fracture  sur 


in  rapid  fracture  studies  of  PS. 
face  feature  probably  reflects  the  fact  that  the  velocity  of  crack 
growth  through  these  last  few  crazes  was  approaching  conditions  as¬ 
sociated  with  rapid  fracture.  The  observation  of  these  markings 
only  in  PVC  is  reasonable  since  it  is  the  only  polymer  in  the  group 
examined  to  sustain  discontinuous  crack  growth  until  final  failure. 

From  the  previous  discussion,  it  is  apparent  that  crazing  must 

play  a  critical  role  in  discontinuous  crack  growth  in  amorphous 

polymers.  Consequently  it  is  not  surprising  that  DC  bands  are 

found  in  PS,  PMMA  and  PVC,  materials  which  craze  easily;  however, 

PC  and  PSF  are  not  observed  to  craze  in  inert  environments  under 

87 

oonotonic  loading  conditions  in  unnotched  samples.  Oic  might  at¬ 
tribute  the  presence  of  crazes  in  these  materials  to  the  large  tri- 
axial  stresses  at  the  crack  tip  and  perhaps  also  to  the  cyclic  na- 
ture  of  the  loads. 

Clearly,  the  above  analysis  of  discontinuous  crack  growth  in 
amorphous  polymers  cannot  be  applied  directly  to  crystalline  poly¬ 
acetal.  The  presence  of  a  discontinuous  crack  growth  process  in 
PA  is  supported  by  the  extensive  scatter  in  crack  growth  data  (Fig¬ 
ure  4.5).  Since  the  band  spacing  was  found  to  be  nearly  the  same 
as  the  typical  increment  over  which  crack  extension  data  were  col¬ 
lected,  one  would  expect  to  find  more  scatter  in  da/dN  if  the  bands 
in  PA  were  DGB.  A  higher  magnification  of  these  bands  (Figure  5.11) 
reveals  them  to  be  ill-defined  and  dissimilar  to  those  shown  in 
Figure  5.8.  From  Figure  5.11,  no  evidence  of  a  void  gradient  or 
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any 


inJicatlon  of  crock  srootb  through  o  craze  Is  apparent.  It 
would  appear  that  the  ahlUty  to  for.  si.ple  crazes  is  not  necessary 
for  the  discontinuous  crack  growth  process  to  occur.  Conceivably . 

.„y  poly.or  that  can  develop  a  narrow  region  of  plastic  delorscatlon 
.head  of  the  fatigue  crack  which  can  be  weakened  by  load  cycling 
..y  be  subject  to  discontinuous  crack  growth.  Further  analysis  of 

1-1  nf  rhp  fracture  surface  of  PA  is  discussed  later, 
the  micromorphology  of  the  tracture 

Since  FCP  in  the  discontinuous  crack  growth  regime  depends 
prl.arlly  on  the  characteristics  of  the  plastic  zone  or  craze  ahead 
of  the  crack,  those  .aterials  which  require  a  large  number  of  cycles 
(K)  to  rupture  this  zone  should  prove  to  be  .ost  fatigue  resistant, 
pre.  Figure  5.7.  H  1.  observed  to  deereo.e  with  increasing  iK  tor 
.11  polymers  tested.  This  reflects  the  Ineresslng  amount  of  doacge 
.aeumulated  in  the  craze  per  leading  cycle  with  increasing  dK  levol. 
In  Figure  5. 7, FA  demonstrates  a  damage  zone  cyclic  atabiilty.  two  to 
three  orders  el  magnitude  greeter  than  tha  amorphous  polymers.  This 
reflects  the  well  known  superior  fatigue  resistance  of  crystalline 

polymers  relative  to  amorphous  polymers. 

However,  if  one  eempares  only  the  amorphous  amterlals  In  Figure 

5.7  with  their  respective  crack  growth  curves  in  the  AK  regime  where 
HOB  are  present  (Figure  5.12),  it  is  npparent  that  the  trend  in  band 
cyclic  stability  doe,  not  eerre.pond  to  the  observed  maeroseople 
fatigue  respeuse  of  the  various  materials.  This  lack  of  correlation 
is  believed  due  to  the  large  variation  in  the  yield  strength  which 
causes  the  band  size  to  differ  drsatleally.  (Recall  that  the  Hug- 
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dale  plastic  zone  dimension  varies  with  inverse  square  of  If 

two  materials  could  be  compared  with  similar  the  effect  of  craze 
stability  on  crack  growth  rates  (da/dn)  could  be  isolated.  Such  a 
comparison  is  made  in  Figure  5.13.  A  bulk  polyt»erized  PMMA  (N^  = 

1.1  X  10^)  and  commercial  PC  have  approximately  the  same  inferred 
(approximately  80  MPa).  It  is  apparent  that  the  number  of  cycles 
required  to  fracture  the  craze  in  PC  is  nearly  two  orders  of  magni¬ 
tude  higher  than  PMMA.  The  effect  of  this  difference  in  craze 
stability  may  be  seen  in  the  FCP  data  in  Figure  5.13b  where  for  a 
given  AK.  has  a  crack  growth  rate  about  50  times  higher  than  PC. 

5.2.3  Effect  of  Frequency  on  PGR  Formation 

Discontinuous  growth  bands  arc  found  to  exist  near  the  origin 
of  crack  growth  where  short  single  crazes  arc  known  to  precede  crack 
growth.  (This  generalization  may  not  apply  for  the  case  of  PA  growth 
bands.)  In  a  majority  of  the  polymers  tested,  the  bands  disappear  at 
the  point  where  multiple  crazing  begins.  This  suggests  that  DG  bands 
are  more  readily  generated  when  AK  levels  are  low  enough  to  prevent 
the  development  of  craze  bundles  which  fragment  the  crack  front. 

Ihe  effect  of  frequency  on  discontinuous  crack  growth  is  not 
the  same  in  all  polymers  tested.  In  Celcon.  PVC.  and  low-M^  PMMA. 

DG  bands  have  been  found  at  all  test  frequencies  while  Delrin,  PS. 

PC,  and  PSF  require  high  frequencies  (100  Hz)  for  their  formation. 
The  need  for  high  frequency  in  some  polymers  may  be  traced  to  the 
effect  of  frequency  on  craze  formation.  At  high  loading  rates  which 
occur  during  rapid  cycling,  little  time  is  available  for  the  initi- 
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ation  and  growth  of  many  crazes.  As  a  consequence,  the  region  asso¬ 
ciated  with  single  craze  development  is  stabilized  relative  to  the 
formation  of  craze  bundles.  In  crystalline  Delrin.  the  high  fre¬ 
quency  may  serve  a  similar  function  by  producing  a  narrow  zone  of 
plastic  deformation.  In  both  crystalline  and  amorphous  polymers, 
this  appears  to  be  conducive  to  the  prolonged  stability  of  DG  band 
formation. 

5.2.4  Effect  of  External  Plasticizer  and  M  ^  Discontinuous, 
Crack  Growth 

PVC  plasticized  with  DOP  shows  the  presence  of  DGB  at  all  AK 
levels  from  “  96,000  to  225,000.  Wliile  DOP  content  was  seen  to 
have  little  effect  on  da/dN,  it  has  a  pronounced  effect  on  DGB  sire. 
From  Figure  5.14,  the  DG  band  size  increased  with  X  DOP,  independent 
of  H  .  Since  band  size  increases  with  the  second  power  of  the 
.tress  intensity  factor,  the  inferred  yield  strength  is  seen  to  de¬ 
crease  as  a  function  of  DOP  added  (see  Table  5.1).  While  triaxial 
yield  strengths  as  a  function  of  plasticizer  content  are  not  avail¬ 
able  for  comparison,  the  observed  trend  is  consistent  with  the  de- 

33 

crease  in  uniaxial  yield  strengths  with  X  DOP. 

Although  the  effect  of  M  on  DGB  development  is  not  clearly 
understood  at  this  time,  a  possible  trend  may  be  seen.  From  Table 
5.1,  all  polymers  examined  in  this  study  which  exhibited  DG  bands 
had  M  S  2  X  10^  (M^  of  PA  is  unknown).  No  DG  bands  were  visible 
in  pure  bulk  polymerized  (cast)  PMMA  over  a  range  of  -  3  x  10 
to  1.9  X  10^  nor  were  any  visible  in  commercially  cast  PMMA  where 
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Figure  5.1A  Effect  of 
band  size 


M  -  1  6  X  10^.  However,  in  bulk  and  emulsion  polymerized  PMMA, 

V  ■  _  <  5 

molded  resins,  and  all  other  polymers  with  ~  2  x  10  ,  DG 

bands  vere  visible. 

A  molecular  weight  of  about  10^  or  2  x  10^  may  represent  a 

critical  condition  for  craze  stability  in  the  presence  of  cyclic 

88 

loading.  For  low-M  polystyrene.  Fellers  and  Kee  showed  crazes  to 
be  short  and  weak.  A  similar  craze  weakness  at  low  M  was  also 
reported,  Kanbour.®’  The  cyclic  deformations  associated  with  dynamic 
loading  my  induce  the  short  molecular  chains  to  disentangle  causing 
failure  of  the  craze  to  occur  at  relatively  low  loads  and  over  a 
«nall  number  of  fatigue  cycles.  At  higher  M,  the  molecular  chains 
are  longer  and  chain  entanglements  more  effective  in  resisting  chain 
sliding  during  fatigue.  The  crazes  which  form  in  high-M  materials 
should  then  be  stronger,  thus  requiring  a  greater  driving  force 
(higher  AK)  for  failure  to  occur.  Such  materials  are  also  seen  to 
form  craze  bundles  readily.  All  these  characteristics  of  high  M 
crazes  will  not  favor  DGB  formation,  and  may  account  for  their  ab¬ 
sence  at  M  values  above  approximately  10^.  Although  specimens  of 
PSF,  PC,  PVC,  and  PS  with  >  2  x  10^  were  not  available,  one  might 
suspect  such  materials  to  be  more  resistant  to  DG  band  formation. 

The  simple  chain  disentanglement  model  offered  above  can  be 

further  developed  by  utilizing  an  approach  presented  originally  by 

50 

Berry^^  end  later,  in  more  detail,  by  Kusy  and  Turner.  They  sug¬ 
gested  that  craze  stability  could  be  maximized  only  if  the  molecular 
chains,  when  extended,  were  long  enough  to  be  anchored  at  each  in- 
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ternal  face  of  a  craze.  However,  Kausch  has  Ehown  that  complete 
molecular  extension  is  physically  unrealistic.  In  the  unstrained 
condition,  the  amorphous  structure  is  assumed  to  consist  mainly  of 
interpenetrating  coils  of  molecular  chains  which  elongate  upon  appli¬ 
cation  of  a  stress.  When  crazing  occurs,  fibrils  are  formed  which 
consist  of  a  series  of  these  stretched  coils.  Ihe  coils  are  believed 
to  be  extended  by  only  a  factor  of  2  or  less.  In  any  case,  it  is 
conceivable  that  under  cyclic  loading,  the  interpenetrating  coils 
begin  to  slip  past  each  other  so  that  the  total  number  of  chains  en¬ 
tangled  in  the  fibrils  decreases.  Since  the  size  of  the  coil  varies 
with  coils  of  a  high-M  polymer  will  intrinsically  have  a  more 

dense  network  of  entanglements  than  coils  of  a  low-M  polymer.  Con¬ 
sequently,  after  a  given  number  of  cycles  at  a  particular  level, 
the  material  with  the  higher  M  will  retain  a  more  effective  entangle¬ 
ment  network  than  a  polymer  with  a  lower  M.  As  a  result,  the  fibrils 
within  the  craze  of  the  higher-M  material  should  be  stronger  and 
hence,  more  resistant  to  fracture  by  discrete  bursts  across  the 
craze's  entire  area.  Above  some  limiting  value  of  2  x  10^  from 
experimental  data),  it  is  suggested  that  catastrophic  craze  break¬ 
down  no  longer  occurs  with  slow  slippage  of  the  coils  occurring  in¬ 
stead;  this  results  in  continuous  FCP.  This  hypothesis  is  supported 
by  results  given  in  Figure  5.15  which  show  the  discontinuous  growth 
band  stability  in  PVC  to  decrease  strongly  in  concert  with  a  pro¬ 
gressive  weakening  of  the  craze  fibrils  as  M  decreases.  Therefore, 
when  crack  growth  through  a  craze  is  initiated  by  failure  of  a  few 
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N,  cycles/band 


Figure  5.15 


AK,  MPa/rfi 

Effect  of  Mv,  on  the  number  of  cycler,  required 
fracture  a  DG  band  in  PVC  as  a  function  of  tK. 


fibrils  near  the  crack  tip,  the  rcaalnins  fibrils  are  too  weak  to 
restrain  the  continued  advance  of  the  crack.  This  condition  promotes 

discontinuous  crack  growth. 

5.2.5  Fatigue  <;triation  Morphology 

Fatigue  striations  of  the  type  formed  at  higher  crack  growth 
rates  during  one  load  cycle  have  been  observed  in  every  glassy  poly- 
„.er  tested  under  fatigue  loading  except  PVC.  If  the  striation 
spacing  is  compared  with  the  macroscopic  crack  growth  rate  and  plot¬ 
ted  against  LK  for  PS.^^  PC.^  PMMA.  PSF,  and  epoxy  (Figure  5.16), 
good  correlation  is  noted.  I'ractographs  of  fatigue  striations  in 
conmon  amorphous  polymers  (Figure  5.17)  showed  remarkably  similar 
appearance.  The  striations  were  very  flat  with  a  fine  linear  struc 
turc  (oriented  parallel  to  the  crack  propagation  direction).  In 
general,  the  arrest  line  between  striations  was  very  narre..  Care¬ 
ful  observation  of  either  side  of  the  arrest  line  shows  no  signifi¬ 
cant  difference  in  texture  as  had  been  noted  by  Jacoby.  ^  If  one 
were  to  compare  these  fatigue  striations  with  die  DG  bands  shown  in 
Figure  5.8,  the  difference  in  morphology  becomes  quite  evident.  In 
fatigue  fracture  analysis  of  polymers  where  bands  are  visible,  but 
growth  rate  data  are  unavailable,  attention  should  be  given  to  band 
micromorphology  in  order  not  to  misinterpret  the  particular  mechan¬ 
ism  for  band  formation. 

5.2.6  Fatigue  Fracture  Surface  Mtcromorphologv  ^  Variab^  N 
PVC  Specimens 

Discontinuous  growth  bands  were  present  on  the  fracture  sur- 
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Comparison  of  macroscopic  growth  rates  and  striation  measurements  in  (a)  PMMA  and 
PSF  and  (b)  Epoxy,  PS  and  PC* 


FiRure  5.17  Typical  stria tion  morphology  in  (a)  PC,  (b)  PSF, 

(c)  PS  (SEM  micrographs),  and  (d)  PMMA  (light  micro¬ 
graph).  Arrow  indicates  direction  of  crack  growth. 
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faces  at  low  AK  in  all  PVC  specimens,  regardless  of  M  and  plasticizer 
content.  A  typical  fractograph  of  DCB's  in  PVC  (Figure  5.18)  shows 

a  structure  similar  to  Figure  5.8. 

Another  feature  of  the  fracture  surface  of  PVC  is  the  presence 
of  roughly  polygonal  particles  which  seem  to  constitute  a  sub-struc¬ 
ture  within  the  discontinuous-growth  bands  shown  in  Figure  5.18.  The 
average  size  of  these  particles  is  ~  50  v.m,  within  the  range  of  sizes 
of  the  original  suspension-polymerized  particles  used  to  mold  the 

samples • 

At  high  AK  levels  (1.1  MPa  /S)  at  07.  DOP,  a  different  fracture 

mechanism  transition  was  identified.  The  DCB’s  disappear  as  crack 

growth  no  longer  proceeds  through  these  grain-like  particles  but 

begins  to  grow  around  them  (Figure  5.19).  This  transition  from 

trans -particle  to  inter-particle  crack  growth  was  associated  with  a 

alight  increase  in  the  slope  of  the  FCP  curve  (seen  in  Figure  4.6 

for  M  1.4  X  10^  and  2.3  x  10^.  One  may  then  conclude  tliat  the 
w 

suspension  particle  boundary  region  is  less  resistant  to  FCP  than 
the  material  within  each  particle.  It  is  interesting  to  note  that 
evidence  of  these  particles  was  only  apparent  in  the  fatigue  region 
of  the  fracture  surface  but  not  in  the  area  of  fast  fracture.  This 
implies  that  fatigue  cycling  provides  a  much  more  sensitive  indica¬ 
tor  of  the  weak  regions  within  a  polymer  than  does  a  simple  fracture 
test.  In  this  case  incomplete  bonding  or  ineffective  chain  entangle¬ 
ments  at  the  particle  interfaces  may  be  expected  to  result  in  rela¬ 
tive  interfacial  weakness,  and  in  probable  sites  for  crack  advance. 
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Figure 


.18  SEM  micrograph  of  fracture  curface  of  typical  sucpen. 
sion  polymerized  PVC  specimen  showing  discontinuous 
growth  bands.  Note  evidence  of  interfacial  failure^ 
at  boundaries  of  polygonal  shaped  primary  particles. 
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Figure  5.19  Evidence  of  complete  inter-particle  crack  grw^ 

^  on  fracture  surface  of  suspension  polymerized  PVC 

Bpecimenf ^ 
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5.2.7  Fatigue  Fracture  Surface  Micromorpholor.y  of  Polyacctal 

As  mentioned  previously,  a  macroscopic  inspection  of  the  fatigue 
fracture  surface  of  Delrin  at  100  llz  and  Celcon  showed  the  presence 
of  irregularly  shaped  discontinuous  growth  bands-  Higher  magnifi¬ 
cation  of  the  fracture  surface  reveals  a  complex  structure  cormon 
to  both  Delrin  and  Celcon  at  all  frequencies  tested.  Initial  obser¬ 
vations  show  the  frequent  presence  of  a  radial  structure  (Figures. 20 
vhich  corresponds  in  overall  size  to  the  dimension  of  a  spherulite. 
This  suggests  that  crack  advance  is  primarily  transspherulitic  where 
crack  growth  proceeds  through  a  spherulite.  Evidence  of  secondary 
cracking  at  spherulite  boundaries  is  also  present.  Hiis  mode  of 
fatigue  failure  is  nearly  identical  to  Stage  I  FCP  in  polyethylene 
reported  by  Andrews  and  Walker.^®  At  low  AK  and  da/dN  (Stage  I), 
they  also  found  crack  growth  to  proceed  primarily  by  a  transspheru¬ 
litic  mechanism.  Although  total  deformation  was  minimal,  secondary 
cracking  along  spherulite  boundaries  was  always  present. 

Higher  magnification  of  the  fatigue  fracture  surface  reveals 
fine  striation-like  markings,  (Figure  5.21  )  (2  -  14  x  10  in 
width  wliich  bear  a  strong  resemblance  to  fracture  details  discussed 
by  Crawford  and  Benham.^  These  markings  are  believed  to  be  related 
to  two  different  deformation  processes.  During  transspherulitic 
crack  growth,  spherulites  are  split,  revealing  their  internal  struc¬ 
ture  to  be  comprised  of  lamellae.  The  size  of  the  observed  fracture 
makings  agree  well  with  the  reported  thickness  of  crystalline  lamel¬ 
lae.  Tlie  second  source  of  linear  structure  is  the  transforuuition 
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Figure  5.21  striaCion-llkc  markings  on  fatigue  fracture  surface 
of  Dclrin.  (TEM  fractograph) 
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of  spherulites  Into  highly  oriented  filaments  as  a  result  of  a  local 
cold  drawing  process.  Macroscopic  evidence  of  reorientation  is  man¬ 
ifested  by  the  whitening  of  the  fracture  surface.  In  some  regions, 
the  strain  during  defom.ation  is  sufficient  to  introduce  voids  and 
void  clusters,  oriented  in  the  direction  of  fibrillar  alignment 
(Figure  5.22).  This  craze-like  structure  has  been  reported  by 
Olf  and  Pcterlin^®  to  be  one  of  the  common  mechanisms  of  deforma¬ 
tion  in  crystalline  polymers  at  rom  temperature  and  below. 

5.3  Conclusions 

From  observations  of  discontinuous  growth  bands  of  several 
polymers,  one  can  conclude  that  discontinuous  crock  growth  is  an 
FCP  mechanism  common  to  uncrosslinked  glassy  polymers  and  the  crys¬ 
talline  polyacctal.  Discontinuous  crack  growth  in  amorphous  poly¬ 
mers  occurs  by  the  development  and  growth  of  short  single  crazes 
ahead  of  the  crack  tip.  These  conditions  are  met  at  low  £>K  and 
high  frequency.  Molecular  weights  below  about  2  x  10^  also  seem 
necessary  for  producing  a  small  number  of  weaker  crazes  which  en- 

courfige  discontinuous  crnck  growth . 

A  somewhat  differct  growth  mechanism  is  operable  in  PA  where 
crack  advance  is  primarily  transsphcrulitic  in  nature  involving 
insignificant  crazing.  By  equating  band  length  to  the  computed 
plastic  zone  dimension,  Inferred  yield  strengths  were  calculated 
which  agreed  well  with  reported  values  of  craze  and  triaxial  yield 
stresses.  At  high  AK  levels,  continuous  crack  growth  was  made 
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5.22  TEM  micrograph  of  fracture  surface  of  Dclrin  showing 
voids  and  void  clusters  oriented  in  the  direction  of 
fibrillar  alignment. 


of  fatigue  striations  correcponding  to  the 


evident 

advance 


by  the  presence 
of  the  crack  during  each  loading  cycle. 


VI.  General  Conclusions  and  Sur,P.cstcd  Future  Work 


6. 1  General  Conclusions 

The  p  transition  appears  to  dominate  many  aspects  of  the 
fatigue  response  of  polymeric  materials.  The  frequency  sensitivity 
was  found  to  be  maximum  when  the  frequency  of  the  p  peak  occurred  in 
the  range  of  test  frequency.  This  behavior  was  explained  in  terms  of 
hysteretic  heating  at  the  crack  tip  which  is  maximized  at  the  p  peak. 
The  resulting  crack  blunting  causes  a  drop  in  da/dN  which  is  believed 
to  be  responsible  for  the  observed  frequency  sensitivity  in  polymers. 
The  P  transition  also  appears  to  be  responsible  for  the  sensitivity 
of  fatigue  crack  growth  rates  to  both  cyclic  strain  rate  and  creep 

crack  growth* 

Polyacetal  was  found  to  be  the  most  FCP  resistant  polymer. 
Molecular  weight  was  found  to  have  a  large  effect  on  the  fracture  and 
FCP  properties  of  PVC.  This  effect  on  the  fatigue  response  persisted 
to  high  M  where  little  change  in  static  properties  was  noted.  The 
much  enhanced  fatigue  behavior  encountered  at  high  M  was  related  to 
the  increased  resistance  of  the  craze  preceding  the  crack  to  cyclic 

breakdown  on  a  molecular  level. 

Plasticizer  content  was  seen  to  produce  a  complex  effect 
on  FCP  in  PVC  and  PMMA.  The  FCP  response  of  PVC  was  unaffected  by 
small  additions  of  dioetyl  phthalate.  However,  PMMA,  copolymerizcd 
with  BA,  showed  fatigue  response  to  be  a  complex  function  of  BA 
content  believed  due  to  interacting  mechanical  and  the rma 1  processes  . 
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Increasing  served  to  decrease  toughness  and  increase 
crack  growth  rates  in  an  epoxy  resin.  The  increased  molecular 
constraint  encountered  at  low  Me  was  believed  to  restrict  large 
scale  plastic  deformation;  therefore,  cyclic  loading  induces  exten¬ 
sive  crack  tip  damage. 

Discontinuous  crack  growth  is  the  dominant  mechanism  of  FC 
at  low  AK,  M  <  2  X  10^  and  high  cyclic  frequency  in  uncrosslinked 
amorphous  polymers  and  crystalline  polyacetal.  The  fracture  surface 
bands  formed  over  many  fatigue  cycles  which  are  a  manifestation  of 
discontinuous  crack  growth  were  found  to  be  equal  to  the  crack  tip 
plastic  zone  size.  At  high  AK  levels,  continuous  crack  growth  was 
evident  by  the  presence  of  fatigue  striations  corresponding  to  the 
advance  of  the  crack  during  each  loading  cycle. 

6.2  Suggestions  for  Future  Work 

With  the  completion  of  this  dissertation,  it  becomes  ap¬ 
parent  that  certain  phenomena  require  further  study  and  clarifi* 
cation.  The  resonant  condition  between  test  frequency  and  the 
P- frequency  which  induced  a  maximum  in  FCP  frequency  sensitivity 
was  related  to  a  peak  in  damping.  It  is  conceivable  that  further 
fatigue  testing  in  the  regime  of  other  damping  peaks  (e.g.  a  or  y 
transitions)  may  reveal  a  similar  increase  in  frequency  sensitivity. 
Similarly,  further  study  of  the  effect  of  waveform  on  da/dN  is  re¬ 
quired  to  fully  understand  strain  rate  effects  in  polymers.  In  a 
related  manner,  attempts  should  be  made  to  measure  the  extent  of 
localized  crack  tip  heating. 


143 


Clearly,  crystalline  polymers  are  the  most  FCP  resistant  mater¬ 
ials  currently  known.  However,  further  study  is  required  to  ade¬ 
quately  understand  the  effects  of  such  important  parameters  as 
spherulite  size  or  degree  of  crystallinity  on  fatigue  crack  propa¬ 
gation  response.  Although  much  of  the  work  presented  involved 
homopolymers,  the  commercial  importance  and  desireable  properties 
of  copolymers,  blends  and  composites  dictates  that  the  FCP  response 
of  these  materials  should  also  be  examined. 

Further  study  of  the  discontinuous  crack  growth  process  is  re¬ 
quired  to  fully  understand  why  a  craze  will  resist  failure  for  many 
cycles  but  will  suddenly  fail  during  one  load  cycle.  The  kinetics 
of  craze  growth  needs  to  be  clarified  since  it  should  have  a  strong 
bearing  on  the  craze  instability  process.  Using  discontinuous 
crack  growth  as  a  tool,  the  effect  of  various  polymer  additives  on 

craze  stability  may  be  evaluated. 

All  data  offered  in  this  dissertation  were  obtained  under  con¬ 
ditions  where  the  minimum  load  was  near  0.  Other  published  data 
indicate  that  an  increase  in  the  average  or  mean  stress  can  dramat¬ 
ically  alter  the  fatigue  response.  Such  behavior  should  be  clari¬ 
fied. 
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Specimens  of  a  series  of  PMM.\  resins  having  a  wide  range  of  M 
were  synthesized  by  casting  between  glass  plates.  The  technique  for 
casting  directly  in  sheets  (6.3  mn,  and  0.25  «nm  thick)  consisted  of 

two  steps: 

(1)  prepolymerization  at  40°C  of  the  desired  initiator-monomer- 
chain  stransfer  agent  combination  (Table  lA.l)  for  from  3  to 
48  hr,  and 

(2)  pouring  of  the  syrup  thus  obtained  into  the  casting  mold, 
with  completion  of  the  polymerization  at  40°C. 

Before  use,  MMA  (Rohm  &  Haas)  was  washed  and  vacuum  distilled.  Mo¬ 
lecular  weight  was  controlled  by  the  addition  of  varying  amounts  of 
t-butyl  mercaptan  (t-BuSH)  (K  &  K  Laboratories,  used  as  received). 
Polymerization  times  were  chosen  to  yield  essentially  complete  con¬ 
version  of  monomer  to  polymer;  unreacted  monomer  was  removed  by  dry¬ 
ing  to  constant  weight  under  vacuum  at  50  ±  5°C.  Specimens  were  then 
annealed  at  105°C  for  3  to  5  min.  to  remove  shrinkage  strains. 

Another  scries  of  specimens  having  a  range  of  M  was  prepared  in 
emulsion  at  40  and  60°C,  with  0.3  percent  sodium  lauryl  sulfate  as 
emulsifier,  and  a  monomcr/watcr  ratio  of  1/4.  Data  are  given  in 

Tab Ic  3.2. 

Copolymers  of  MMA  with  n-BA  were  synthesized  using  the  procedure 

described  above  for  PMMA  (no  t-BuSH  added).  Specimens  having  the 

following  mole  ratios  of  n-BA  were  prepared:  90/10.  85/25,  80/20, 
♦Performed  by  Dr.  S.  L.  Kim. 
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75/25,  70/30,  60/40,  and  50/50. 


TABLE  lA.l 

Recipe  for  PMMA  Synthesis  in  Bulk 


Code  Number 

vtl 

t-BuSH 

Prepolymeriza  tion 
time,  hr 

0 

0 

3-4 

1 

0.03 

5-6 

2 

0.06 

6-7 

3 

0.2 

12-15 

4 

0.4 

16-20 

5 

0.8 

22-26 

6 

1.2 

28-32 

7 

1.6 

36-40 

8 

3.2 

44-48 

®A11  syntheses  conducted 

at  40  +  2®C  with  O.C 

a,a’-azobis 

(isobucyronitri le) . 
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Appendix  II-  Synthesis,  E£Oxics* 


IIA.l  Maccrtals 

The  spoxy  resins  used  were  all  diglycidyl  ethers  of  Bisphenol-A 
oligop^ers:  Epon  series  825.  828.  1001.  and  1004  (Shell  Chemical  Com¬ 
pany);  and  Epirez  series  520-C  and  522-C  (Celanese  Coatings  Company). 
Of  these  prepolymers.  Epon  1001  and  100^*,  and  Epirez  520-C  and  522-C 
were  solids  at  room  temperature-  The  curing  agent  used  in  most  syn¬ 
theses  was  methylene  dianiline  (MDA) ,  obtained  in  the  form  of  Tonox 
(Shell  Chemical  Company)  and  997.-pure  MDA  (Aldrich  Chemical  Company). 
In  a  few  cases,  the  following  polyamides  were  used  as  curing  agents: 
Versamids  115  and  140  (General  Mills  Chemicals,  Inc.).  In  the  lat¬ 
ter  case,  phenylglycidyl  ether  (Shell  Chemical  Company)  was  used  as 
a  reactive  diluent.  All  resins  of  a  given  type  were  taken  from  a 
given  batch;  equivalent  weight  were  used  as  supplied  by  the  manufac¬ 
turers. 

IIA.2  Preparation  and  Curing 

The  various  procedures  for  preparation  and  curing  are  summarized 
below.  Compositions  are  given  in  following  sections: 

a.  Tlie  general  for  systems  using  liquid  epoxy  pre¬ 

polymers  with  MDA  as  the  curing  agent  was  similar  to  that  used  by 
Bell^^  Following  prior  heating  to  100°C,  the  resin  and  curing  agent 
were  evacuated  for  5-15  min.  to  remove  bubbles,  mixed,  cast,  and 

cured  as  follows:  45  min.  in  a  circulating  oven  at  60°C;  30  min.  at 
★Performed  by  Dr.  S.  L-  Kim,  Ms.  Carol  Vasoldt,  and  Mr.  Subodh 
Misra 
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eo=C  ar.d  2.5  h,  15o\;  sloa  cooli.H,  to  root,  tcr.poroture.  Tho 
.old’atsftbUeo  o^ptistd  clfopod  130  ™  b,  130  -  glass  plates  sep¬ 
arated  by  .51  -  or  6.35  at.  etby  lene-ptopylene  eopolya,er  or  Teflon 
spacers  «crc  heated  to  lOO^C  prior  to  the  casting  step.  Both  Mold 
Release  225  (Ram  Chemical  Company)  and  Epoxy  ParFlta  (Price  D 
CO.)  -ere  used  successfully  as  mold  release  agents;  sheets  of  H,Ur 
oere  also  effective.  With  care,  clear,  yclloulsh  to  hrovn  specimens 
.ere  obtained  fro.  which  hubble-fre.  sections  could  be  cut. 

The  cure  cycle  used  was  reported  by  Bell  to  give  essentially 
complete  curing”-  a  conclusion  supported  by  data  presented  else-  ^ 
.here.  Somewhat  higher  temperatures  were  used  by  Selby  and  Hiller, 
hut  the  effect  of  curing  temperature  as  a  variable  was  not  examined 

in  this  study. 

b.  Higher  molecular  weight  epoxies  such  as  Epon  1001  are  solids 
at  room  temperature  and  are  usually  used  In  conjunction  with  a  sol¬ 
vent.  in  order  to  avoid  at  this  time  the  question  of  a  possible 
role  Of  solvent  in  networh  formation,  it  was  decided  to  conduct  cur¬ 
ing  in  bulR.  It  was  difficult  to  achieve  defect-free  specimens  in 
these  cases,  for  st  the  higher  temperature,  needed  to  give  the  flu¬ 
idity  necessary  for  handling  curing  proceeded  at  an  undesirably 
fast  rate.  However,  thin  specimens  (0.5  me  thick)  were  snccoss- 

fully  made  as  follows. 

The  resin  war,  melted  at  125°C  and  evacuated.  The  curing  agent 
was  mixed  In  and  sample,  east  between  glass  pl.te.  without  further 
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evacuation.  The  curing  cycle  wa.s  modified  to  100  C  for  1.5  hr., 
and  150°C  for  2.5  hr.;  dynamic  modulus  studies  indicated  complete 
curing.  A  similar  method  was  used  for  Epon  1004.  By  this  technique, 
it  was  possible  to  get  bubble-free  sections  for  dynamic  modulus 

Studies . 

C.  For  Vcrsamid-curcd  systems  the  procedure  developed  by  Manson 
and  Chiu®^’®^  was  followed.  First  6  percent  by  weight  (based  on  the 
total  mix)  of  phenyl  glycidyl  ether  was  mixed  with  the  epoxy  prior 
to  addition  of  the  polyamide  in  order  to  reduce  viscosity  and  thus 
facilitate  nixing  and  removal  of  bubbles.  The  epoxy  resin  was 
heated  to  40°C.  and  evacuated  in  a  vacuum  oven  to  remove  absorbed 
air  and  moisture.  After  the  curing  agent  is  heated  to  40°C  and 
added  to  the  resin,  the  total  mixture  then  evacuated  for  about  5 
min.  Sheets  of  samples  were  formed  by  use  of  the  mold  assemblies 

described  in  section  2. a. 

Series  A  (varied  stoichiometry) 

This  series  (with  MDA  as  curing  agent)  was  prepared  to  provide 
a  standard  for  comparison  with  other  specimens  prepared  in  this 
study  and  with  the  literature.  Table  IIA.l  gives  the  compositions, 
on  the  basis  of  equivalent  weights  (based  in  turn  on  specifications 
supplied  by  the  manufacturer).  Theoretical  values  of  as  cal¬ 

culated  are  given  in  Table  IIA.l,  along  with  compositions. 
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TABLE  IlA.l 

Compositions  of  Series  A  Epoxy  Resins 


Designation 

a 

Araine/epoxy  Ratio 

(theoretical) 

A- 7 

0.7  :  1 

1523 

A-8 

0.8  :  1 

526 

A- 9 

0.9  :  1 

383 

A-10 

1.0  :  1 

326 

A-lOA 

1.0  :  1 

326 

A- 11 

1.1  :  1 

370 

A- 14 

1.4  :  1 

592 

A- 16 

1.6  :  1 

924 

A- 18 

1.8  :  1 

1922 

A-20 

2.0  :  1 

09  (Linear) 

®A11  are  based  on  the  use  of  Shell  TONOX  curing  agent, 
except  for  the  A-lOA  case,  for  which  997.  MDA  was  used. 

\or  reasons  discussed  by  Be  11^^  actual  values  for 
specimens  A- 16  to  A-20  may  be  in  error.  However, 
estimation  of  absolute  values  will  require  analysis 
of  the  residual  amine  content.  In  any  case,  the  error 
will  not  affect  any  trends  observed  in  properties  as  a 
function  of  stoichiometry. 
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IIA.3  Stories  B  (Blends  at  equal 

For  this  series,  various  resins  were  blended  to  achieve  an  epory 
equivalent  weight  of  190  g/eq  (equivalent  to  that  of  Epon  828.  and  to 
.  value  of  of  326).  Stoi=hlot„etrie  .count,  of  mA  were  used  In 
.11  cases.  Lails  are  given  in  Table  IIA.2,  which  also  Includes 
data  on  the  blending  resins  themselves. 


TABLE  I1A.2 


Compositions  of  Scries  B  (Blends)  Epoxy  Resins 


Desig¬ 

nation 

vjtr 

of 

wt7. 

Epon 

1004 

Epirer 

522-C 

Epon 

1001 

Epircz 

520-C 

Epon 

828 

Epon 

825 

Eq 

wt 

n=0 

n=l  n=2-8 

B-1 

- 

11.4 

- 

- 

88.6 

190 

89.9 

1.8  8.3 

B-2 

- 

10.3 

- 

9.6 

80.1 

190 

88.4 

4.1  7.5 

B-3 

10-0 

- 

- 

- 

90.0 

190 

- 

- 

B-4 

- 

- 

11.8 

- 

88.2 

190 

- 

— 

B-5 

• 

- 

- 

100 

190 

75 

25 
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o  88 
at  30  C 

[Tl] 

oc0^89 

at  25  C 

1 - » 

XIIA.l  Characterization  o_f  Ry. 

Intrinsic  viscosities  of  PMMA  were  measured  in  benzene  using  a 
Cannon-Ubbclohdc  dilution  viscometer;  molecular  weights  were  computed 
from  suitable  equations  relating  intrinsic  viscosity  [11]  to 
«  «R  _  ,  .  _  ,  «“5  PT  0.76 


-5  IT  0.76 


Intrinsic  viscosities  of  MMA-nBA  copolymers  were  determined  in 
chloroform  at  20'’c.  and  values  of  obtained  by  the  use  of  constants 
developed  by  Pankc^°  for  the  Mark-Houwink  relationship: 

[T13  -  K  M® 

where  K  and  a  depend  on  the  composition  of  the  copolymer. 

Using  a  similar  relationship,  values  of  were  obtained  for 
PVC.  Noryl.  PC  and  PS.  The  constants  K  and  a  are  given  in  Table 

IIIA.I. 

Dynamic  mechanical  properties  were  determined  with  a  Rheovibron 
apparatus  at  110  Hz.  The  glass-transition  (Tg)  and  g-transition  tern- 
peratures  were  taken  from  the  major  and  lower  maxima,  respectively, 
in  the  loss  modulus  vs.  temperature  curve:.  -h  the  ^-polymers, 

values  of  the  glass  transition  slope  and  breadth  were  also  determined 
Values  of  T,  were  determined  using  a  differential  scanning  calorimet- 

c? 

er  (DSC)  at  a  heating  rate  of  10  C/minute. 

★Characterization  by  Dr.  S.  L.  Kim 


XIia.2  Characterization  of  Crosslink  Denst^  EpoxLCs- 

Detailed  analysis  of  the  degree  of  cure  and  crosslinking  of 
those  epoxies  studied  in  this  dissertation  have  been  presented 
elsewhere^^  and  will  not  be  discussed  here. 
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polymer 


Solvent 


Toluene 

Noryl^^ 

Toluene 

PVC^® 

THF 

Me thy lenc 
Chloride 

Awpendlx  TV.  Special  Reference^ 

The  following  technical  articles  were  coauthored  by  this 
writer  prior  to  the  completion  of  this  dissertation. 


A1 •  R*  W.  Hertzberg,  J.  A.  Manson,  and  M.  D.  Skibo,  Polym. 
Eng .  and  Sci . ,  15(4),  (1975)  252. 

A2.  M.  D.  Skibo,  R.  W.  Hertzberg  and  J.  A.  Manson,  J.  Mat^ 

*  Sci^,  11.  (1976)  479. 

A3.  j.  a.  Manson,  R.  W.  Hertzberg,  S.  L.  Kim  and  M.  D.  Skibo 
Polymer ,  16 ,  (1976)  479. 


A4. 


M  D.  Skibo,  R.  W.  Hertzberg  and  J.  A.  Manson,  to  be 
published  in  the  Proceedings  of  the  Fourth  Tntcrnation_nl 
Conference  on  Fracture,  June  1977. 


A5.  S.  L.  Kim,  M.  D.  Skibo,  J.  A.  Manson  and  R.  W.  Hertzberg, 
Polymer  Preprints,  1^(2),  (1975)  559. 


A6. 


S.  L.  Kim,  M.  D.  Skibo,  J.  A.  Manson  and  R.  W.  Hertzberg, 
Polvm.  Ene.  and  Set.,  17(3),  (1977)  194. 


A7.  M.  D.  Skibo,  J.  A.  Manson  and  R.  W.  Hertzberg,  to  be 
published  in  J.  Macromol.  Sci. 


A8  M.  D.  Skibo,  R.  W.  Hertzberg,  and  J.  A.  Manson,  3 ..  Mat 
Sci.,  12,  (1977)  531. 
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